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Abstract

If one could imagine a single pipeline spanning approximately 11,000 km from Oslo,
Norway to Bangkok, Thailand, this would be similar to the total length of the
Norwegian oil and gas pipeline network combined [1]. The hydrocarbon resources
located in the cold waters of subsea fields offshore Norway, are transported via
pipelines to either an onshore processing facility or directly exported to consumers in
the UK and European Union area. Long sections of this transportation pipeline
network require protection from potential hazards, such as trawling-shipping activities
and dropped objects. One common method of pipeline protection is the installation of
concrete mattresses on top of the pipeline. Concrete mattresses are also utilized where
soil stabilization and foundation support is needed.

Despite a large number of concrete mattress installation projects is performed
annually, the current deployment method is relatively inefficient, as each mattress is
individually lifted and installed. The present thesis proposes a handling mechanism for
the deployment of multiple concrete mattresses in a single lift.

Initially, Subsea 7 proposed a concept for a multi-installation tool. The concept
comprised a steel frame that would facilitate six concrete mattresses and embody a
handling mechanism with rotating pipes and gears. The mattresses will be lowered to the
seabed through the mechanism with the assistance of a ROV torque tool. The key feature
of the project is the study of the handling mechanism, and more specifically, to resolve
the concept under certain requirements, elaborate on its operational and installation
aspects, and assess the structural integrity of the finalized solution.

The initial concept is thoroughly presented and examined. The operational procedure and
the functionality of each component is also discussed. The design phase starts with the
dimensioning of the rotating parts of the mechanism, which yield the required design
values of the gearset.

In the sequel, an arrangement of spur gears is designed according to the limitations that
have been set. The strength of the gearset is evaluated with the use of analytical solutions.
Additionally, a finite element analysis of the response of the gearset is performed for
verification and comparison purposes.

Finally, the current thesis work concludes to a new configuration of the handling
mechanism with the use of alternative ROV tooling aids. The design of the new setup is
presented and the structural integrity of the new components is assessed. Lastly, some
recommendations for future work are given.
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Chapter 1
Introduction

1.1 Motivation

According to the Norwegian Petroleum Directorate [1] the gas sales hit a new record in
2017 as the production rose 6.5% in comparison with 2016. Overall, the total
production of oil and gas in the Norwegian Continental Shelf (NCS) rose for the fourth
year in a row, and with the current trend in the oil price, the forecasts indicate that it
will remain in high levels for at least five more years. The oil and gas industry is still a
prosperous and profitable market and new mega projects already being started (e.g. the
Mero field in Brazil in 2017) or coming on stream soon (e.g. the Johan Sverdrup in
Norway in 2019). The current trend lies in the exploration and development of reserves
in ultra-deepwater and in the icy waters of the arctic region. Therefore, a greater need
for pipeline construction and subsea structures to transfer safely the produced
hydrocarbons is expected. The seabed infrastructure is going be even more
labyrinthian if one considers the existing subsea equipment and the one to be added.
Hence, the need for pipeline protection measures is anticipated to increase rapidly
following the same pace.

Nowadays, concrete mattresses are recognized as a well-proven technology to surpass
challenges faced in the subsea pipeline construction, umbilical deployment and seabed
protection/stabilization. Manufacturing costs have been significantly reduced, as well
as installation time has, with the use of standard lifting frames and beams [2]. The
mattresses have a vast field of application with the following being the most common
ones:

e Protection from dropped objects.

e Added weight and stabilization.

e Protection from trawl boards.

e Scour prevention.

o Crossover support/separation for pipelines and umbilicals.
e Supports/Foundations for other subsea activities.
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UK Oil & Gas [3] estimates that more than 40,000 concrete mattresses have been
installed on the seabed across the North Sea for pipeline protection purposes and
foundation support. Additionally, approximately 80,000 mattresses have been
deployed in the Gulf of Mexico in a 20 year time interval (1990-2010) by Submar
company only [4]. These facts reveal the extensive use of concrete mattresses,
especially when developing subsea oil and gas fields.

Hence, a great number of concrete mattresses is expected to be deployed on the
seafloor, and as result, the lifting operation should be optimized, efficient and time-
effective. Surprisingly, despite that the majority of the available on the market
installation tools is capable of lifting more than one mattress per lift, they cannot
release them one-by-one on the seafloor. As result, a lot of vessel time is required even
for a small scale project. Consequently, there is a need for designing a tool capable of
deploying multiple concrete mattresses in a single lift, yielding to substantial economic
savings for the installation company.

1.2 Aim of the thesis

Subsea 7, as being a leader in the seabed to surface engineering works, has many
concrete mattress installation projects in its portfolio and naturally has a great interest
in developing such a tool. After the completion of a summer internship within the
company the present topic was proposed to the author. The need for such a product
was introduced by one of Subsea 7 principal engineers, who had also conceptualized a
design approach for an installation frame capable of handling multiple concrete
mattresses. The concept consisted of a steel frame which would facilitate six concrete
mattresses and embody a handling mechanism with rotating pipes and gears. The
mattresses will be lowered to the seabed through the mechanism with the assistance of
a ROV torque tool.

The scope of the current work is to examine the suggested concept, analyze the various
design considerations and propose answers to the issues that will arise. The main frame
body does not emerge particular engineering challenges, so the focal point will be the
complex handling mechanism. The handling tool will be “disassembled” in smaller
components, of which their challenges, functionality and structural integrity will be
assessed. Ultimately, a conclusion will be presented in regards the function of the
mechanism and the operational interface.
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1.3 Structure of the report

The thesis report is divided in 10 chapters; the calculation sheets and miscellaneous
data are located in the Appendix sections, whereas the present chapter compiles
Chapter 1.

Chapter 2 discusses the background and the theoretical aspects of the thesis. Pipeline
hazards and relevant protection methods are presented, with a more emphasis on the
installation procedures of concrete mattresses.

The gear theory is introduced in Chapter 3. The various types of gears are presented
alongside with the most common gear failures. Afterwards, the analytical equations for
the assessment of the gear strength are developed.

Chapter 4 thoroughly describes the concept proposed by Subsea 7. The various
components and their functionalities are given, while the concept is further elaborated
in order to be comprehensible by an engineering student.

Chapter 5 facilitates the design basis that will be followed in the current work. More
specifically, the relevant standards, tools, calculation procedures and methodologies
are defined.

In Chapter 6 the design and dimensioning of the first components of the handling
mechanism is performed. Two load cases are identified for the pipes, with the extreme
one governing the dimensioning. The second load case, the operational phase, provides
the input for the gear system.

Chapter 7 sets the input requirements of the gear system. The geometry and the
material of the spur gears are presented in conjunction with the strength calculations
and evaluation of the gear system.

Some concerns and uncertainties arise with the analytical solutions of the gearset.
Thus, in Chapter 8, a finite element analysis with Ansys Workbench is carried out, and
a comparison between the numerical and the analytical solutions is conducted. The
conclusion regarding the structural integrity of the gearset is finally given.

Chapter 9 proposes a solution and reveals a new concept of the design of the handling
mechanism, with respect to the limitations and challenges that were identified in the
previous chapters. The new components are analyzed and reviewed.

Chapter 10 summarizes the concluding remarks produced by this thesis work and
recommends the aspects that need further elaboration and study.
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Chapter 2
Background

2.1 Pipeline hazards

2.1.1 Introduction to subsea pipelines and cables

The hydrocarbons produced from the offshore fields need further chemical treatment
before they are sold to consumers across the globe. With most of these fields being
several kilometers far away from the nearest shore, marine pipelines are used to safely
transfer the valuable containment to the processing plants. Considering only the
Norwegian oil & gas pipeline network, which is made of 8,800 km of pipeline [1], it is
clear how complicated and labyrinthian such a network can be.

In addition to the oil and gas transportation pipelines, even more pipes are laid on the
seabed, such as the umbilicals. Umbilicals contain several hydraulic, chemical and
power cables incorporated in a single pipe, and act as a mean for controlling and
operating the subsea structures (such Christmas trees) from the platform. One single
platform can pump oil and gas from several nearby fields of up to 50 km away, and
naturally the pipeline network is very dense in close proximity to it.

However, pipelines are not to be related only with oil and gas activities, as subsea
power and telecommunication cables span hundreds of kilometers connecting and
powering islands with the mainland, cities, countries and even continents. The network
cables also transfer enormous volume of data per second, providing internet service to
the whole countries. The latter highlights the great value of these cables, as for
instance, the Australian government characterizes its subsea cable system to be “vital
to the national economy” [5].

Adding the great spanning lengths of the pipelines and cables with the sensitivity of
the containment they transfer, it is an absolute requirement to protect them and
eliminate accidents, leaks or more severe failures that could result in disastrous
consequences. Therefore, based on the activities carried out in the area where these
pipelines and cables span, potential hazards should be identified and taken under
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consideration during their design, installation and operating lifetime. The focus will
mainly be on oil and gas activities.

The most common perils that oil & gas pipelines are subjected to, are due to:

¢ Crane handling on a platform or rig.

e Fishing activities (bottom trawling).

e Supply vessels and general ship traffic in the area or close to the considered
area.

e Subsea operations (e.g. simultaneous operations as drilling, completion and
intervention).

e Others (planned construction, maintenance work, etc.).

With reference to DNV-GL standards [6] some possible external hazards for pipelines
and their consequences can be viewed in Table 2.1. Apparently, the location of the
pipeline is a major factor when determining the dominant ones. More specifically,
pipelines near platforms are more prone to damage from dropped objects rather than
from trawling, whereas pipelines away from fixed or floating offshore structures are
put into jeopardy due to vessel activity and trawling. The major hazards will be
discussed in the following clauses.

Table 2.1: Potential external hazards [6]

Operation/Activity Hazard conzgéir;ﬂiz o
pipeline
Dropped and dragged
anchor/anchor chain from pipe lay
vessel.

— ) _ Impact damage
Vessel collision during laying

leading to dropped object, etc.

Installation of

. Damage to
pipeline

Loss of tension, drop of pipe end, pipe/umbilical being
etc. laid or other
pipes/umbilicals
already installed

Damage during trenching, gravel

dumping, installation of protective Impact damage
cover, etc.
Damage during crossing Impact damage

construction
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Heavy lifts

Dropped objects

Impact damage

Dragged anchor chain

Impact damage

Anchor handling (rig
and a vessel
operations)

Dropped anchor, breakage of
anchor chain, etc.

Impact damage

Dragged anchor

Hooking (and impact)
damage

Dragged anchor chain

Pull-over and
abrasion damage

Lifting activities on
platform or rig

Drop of objects into the sea

Impact damage

Subsea simultaneous
operations

ROV impact

Impact damage

Manoeuvring failure during
equipment installation/removal

Impact damage

Pull-over and
abrasion damage

Fishing activities

Trawl board impact, pull-over or
hooking

Impact and pull-over
damage

Tanker, supply vessel
and commercial ship
traffic

Collision (either powered or
drifting)

Impact damage

Emergency anchoring

Impact and/or
hooking damage

Sunken ships (e.g. after collision
with platform)

Impact damage

2.1.2 Fishing activities

When examining hazards due to fishing activities, bottom trawling is of particular
interest, as a dragging net is used by the fishing vessel. The arising risks are not only
due to the weight of the net and the ancillary gear, but also because of possible
snagging (hooking), as the trawl gear may lodge under the pipeline. Figure 2.1
illustrates three common types of trawl gears commonly used, namely otter trawl gear,
beam trawl gear and the twin trawling gear with clump.
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——Waspline

Trawl net
Trawl board

Clump Weight

Figure 2.1: Different trawling gears, Left: otter trawl gear — Right: beam trawl gear — Bottom:
twin trawling gear with clump [7]

There are three distinct phases of impact between a trawl gear and a pipeline, as
explained below:

e Impact phase: the trawling gear, such as the trawl board or beam shoe,
instantly hits the pipeline.

o Pull over phase: the trawl gear is pulled over the pipeline causing a global
effect-damage.

e Hooking stage: the rarest occurring stage; trawl gear being stuck under the
pipeline with disastrous consequences for both the pipeline and the vessel.

As set by DNV [8], in the NCS the non-interference between the subsea equipment
and fishing activities is a requirement, unless rationally unavoidable. In other countries
the risk is reduced by introducing safety zones, restricted areas, or by using guard
vessels. A notable initiative has also been taken by the European Subsea Cables
Association in collaboration with RenewableUK, leading to the Kingfisher Information
Service — Offshore Renewable and Cable Awareness (KIS-ORCA) project, managed
by Kingfisher [9]. The aim of the project is to raise awareness and provide fishermen
with correct practical information of subsea cables routes, location of renewable
energy structures like wind turbines and buoys (see Figure 2.2). The information is
available online, regularly updated, publicly open and are considered as the most
accurate and detailed data in Europe.
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Figure 2.2: North Sea awareness chart of January 2018 (kis-orca.eu/)

2.1.3 Dropped objects

During installation of subsea modules and routine lifting operations on a rig or
platform a major hazard is dropped objects. Such objects could be pipes, containers,
subsea equipment (e.g. spools, templates) and any other objects that can be dropped
into the sea from a platform or vessel. The magnitude of the collision, and thus its
consequences, is related to the shape, mass and speed of the hitting object with the
pipeline. The resulted damage is also dependent on the angle of collision, the
sharpness of the object and the pipeline protection. The most common damage is a
dent and the probability of fluid leakage is proportional to the depth of the dent. To
demonstrate the aforementioned, an example of a 3 meters container is used, which is
considered to be unintentionally dropped into the sea and sink with a velocity of 2m/s.
This typical object will transfer approximately 100-200 kJ of energy to the pipeline
which can cause severe damage and ultimately a complete failure [10].
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Table 2.2 presents some typical impact energies of subsea equipment with a flowline
and their frequency of occurrence for a typical North Sea field.

Table 2.2: Impact energies of subsea equipment in a typical North Sea field [11]

Object Weight Lift frequency Impact energy Flowline hit frequency
t) [per well operation) (kdJ) [per well operation]
BOP stack 220 4 20732 2.0x10"
Coiled tubing reel 45.0 1 2507 1.9 =107
Running tool 13.0 1 1816 20=10°%
Skid 16.2 3 a7 28x10 "
X-mas tree 24.4 1 3903 25x10™
g 1/2" drill collar 3.0 1 228 68x107°
30" casing 5.5 15 176 1.0 = 107
Container/basket 8.2 ~780 133 35x10°
20" casing 2.33 26 48 27x107
Casing/tubing/pipe 1.25 - 160 =15 3.3=10°
Other ) ~4.0% 107
Taotal hit frequency 7.3= 107"

2.1.4 Shipping activity

There are several hazards to the pipelines related with vessel activities and the main
risk is generated by the anchors of the vessels. In a similar way as trawling, a vessel
anchor may potentially hook onto the pipeline and/or collide with it, leading to
unwanted consequences, especially if the pipeline integrity fails [11]. The cases in
which an anchor-pipeline interaction should be considered are [12]:

e Improper anchor deployment.

e Emergency anchoring due to engine or other mechanical failure.

e Anchoring due to severe weather conditions.

e Anchoring activities related with offshore activities (lay-barges, installations
vessels etc.)

In a case of anchor-pipeline interaction a consequence analysis should be performed.
The major results that will most likely emerge are damage to coating, local denting or
punctures, and hooking displacement or rupture [12]. In addition to anchoring, the
anchor chains could cause damage to the pipeline as in cases of interaction the
abrasion of pipeline walls with the chains is inevitable. Furthermore, the hazards of
impact of a sinking vessel or a ROV performing operations with a pipeline should not
be omitted and included in a pipeline hazard identification analysis. These
environmental and safety risks due to anchor-pipeline interaction are usually identified
via a quantitative risk assessment, whereas the structural integrity and response of the
pipeline should be addressed with a Finite Elements Analysis (FEA) (see Figure 2.3)
[11].
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s o i
Figure 2.3: FEA of pipeline-anchor impact (DNV GL.com)

A first barrier in the pipeline protection policy from the regulatory bodies across the
offshore industry is to set safety zones in the vicinity of pipelines and evaluate the
associated risks in the basis of frequency and size of shipping traffic in the area [7].

2.1.5 Other cases for pipeline protection

Sections of pipelines located near shore are vulnerable to breaking waves. As waves
approach the shore they become steeper disproportionately with the water depth. A
large amount of energy is accumulated which is afterwards dissipated with the
breaking of the wave. Experimental results have shown that there substantial
hydrodynamic forces induced by plunging breaking waves on unprotected pipelines
near the beach [13].

Moreover, pipelines should be protected in a pipeline-crossing (see Figure 2.4). When
there is a need that the route of a new pipeline will cross an existing one, the latter
should be properly protected and strengthened.

Additional needs that impel pipeline protection are the addition of weight for pipeline
stability, protection against scour, separation of pipelines from the umbilicals,
riverbank erosion control and protection against seabed gouging by ice [14].

Figure 2.4: Pipeline crossing (stoprust.com)
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2.2 Methods of pipeline protection and stabilization

The external hazards encountered by pipelines and cables laid on the seabed were
discussed in the previous sections. It was identified that several risks are present with
severe economic, safety and social consequences to the nearby population and
environment. Consequently, several risk reducing measures have been developed and
companies which install and operate pipelines, in most cases utilize protection
measures against these hazards. However, the optimal protection method that is to be
applied should be considered in the segments that are most vulnerable, for instance
pipeline areas near shipping channels and harbors, and not for the whole length of it.
Different measures can be used in combination and synthesize a custom-made
optimum solution. The major pipeline protection methods are discussed in the below
clauses.

2.2.1 Increase in the wall thickness

In cases where small dropped objects or anchors from small vessels seem to be the
dominant hazards against pipeline integrity, a simple overdesign of the pipeline could
lead to the required resistance. Designing thicker pipeline walls with greater steel
quality will result in greater bottom stability, easier reeling operation, and ultimately
might be the simplest and most cost-efficient solution in some projects. Yet, there are
disadvantages to be considered as thicker walls require more weld consumable and a
complex welding procedure.

2.2.2 Concrete mattresses

One widely-used method across the oil and gas industry for the protection of pipelines
is the installation of flexible concrete mattresses (also commonly referred to as
concrete mats) on top of it. Concrete mattresses can also be used in umbilical
deployment and power cable protection. The mattresses are made of high quality
concrete blocks moulded with polypropylene ropes in a brick pattern matrix, and
usually have dimensions are 6m x 3m x 0.15m (or 0.30m). As result, they have
adequate flexibility to follow the shape and contour of a pipeline, umbilical or even the
seabed. According to one of the leading suppliers of stabilization equipment more than
20,000 flexible concrete mattresses have been placed on subsea pipeline during the
first half of this decade [15].

Despite being one of the most effective ways of protecting a pipeline, some
disadvantages are accompanied. With one large and heavy object laying over a
pipeline the visual inspection becomes a difficult procedure. Moreover, the mattress
itself entails a potential dropped object when being manoeuvred into place during
installation. In addition, in the previous years, most of the concrete mats were not
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designed and installed without a plan of a later decommissioning, thus making their
removal operation rather complex, time consuming and costly. As the deployment of
multiple concrete mattresses is the main scope of the present piece of work, a broader
elaboration on this topic will follow in the next chapters.

Figure 2.5: Flexible concrete mattress over a subsea pipeline (oedigital.com)

2.2.3 Trenching and Backfilling

Another well-known method for pipeline protection is to bury the pipeline beneath the
seabed in a procedure called trenching and backfilling. This approach offers mainly
protection against anchor pull-over and trawling gear. The Depth of Lowering (Dol) is
a critical parameter and the major cost driver in this activity. It is affected by the
mechanical properties of the pipeline, the soil type and parameters, thermal insulation
needs, coating type and thickness and the regulatory bodies involved in the specific sea
area. Special consideration should be given when calculating the DoL as possible
variations in the seabed level due to sediment mobility may occur. Several methods to
perform trenching exist; jetting, ploughing, mechanical cutters, dredging tools,
dredging vessels and mass flow excavators are the most used in the industry.
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After trenching the backfilling takes place, where the excavated soil is used to bury the
pipe and thus protect it over trawling and strengthen it against upheaval buckling. The
cohesion, adhesion, the internal and the external angle of friction of the soil are some
of the key parameters in the sedimentation that takes place. Jetting and ploughing are
two widely used methods for trenching and backfilling. In the former, backfilling is
done by jetting out the soil and sinking pipe into it, whilst the latter utilizes an
additional backfill plough for completion of the process. Ploughing uses powerful
machinery to trench up to 2m deep in a VV-shape contour and is deemed suitable for all
type of soils. Nevertheless, since flexible pipes and umbilicals may ride up the trench
walls, the ploughing equipment is possible to endanger their integrity. Another
drawback to take into account is that in shallow waters the seabed currents may wash
away the side-trench spoil heaps [7].

2.2.4 Glass Reinforced Plastic (GRP) covers

GRP covers are used as a drastic measure of protection against trawler nets, and
additionally have a good resistance behaviour in case of objects falling from vessels
into the sea. The manufacture material is particularly light, yet strong, and along with
the standardization of the shape of the covers, they can be easily transported in stacks,
thus saving deck space on the installation vessel (see Figure 2.7).

For inspection and maintenance purposes the covers are designed and manufactured
with hatches [7]. In most cases the GRP covers require rock damping for stabilization
due to their light weight, which also provides protection of the covers against erosion

[6].

Figure 2.7: Deployment of a stack of GRP covers (neil-brown.com)
2.2.5 Rock dumping

Rock dumping is the process where rocks or gravels are placed on and around the
pipeline to offer protection against external loading [7] and sometimes can be a more
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cost efficient method than trenching. The possibility of penetrating the pipeline walls
should be neglected, yet risks associated with impact and abrasion damage are reduced
considerably. A fall pipe system can be used to disperse the rocks in a more controlled
manner, so the impact damage due to falling stones can be reduced. The desired
accuracy (nowadays is up to 10 cm) is achieved via fall pipe ROVs, which monitor the
whole operation (see Figure 2.8).

Figure 2.8: Rock dumping through a fall pipe system (seatools.com/)

Rock placement may be a “standalone” protection measure or used in combination
with other methods such as GRP covers.

2.2.6 Concrete coating

An extra layer of concrete (see Figure 2.9) is applied on the pipeline circumference,
resulting in negative buoyancy and mechanical protection against falling objects or
other environmental loading. This additional degree of protection acts as an energy
absorber during collision, mainly locally with the formation of micro cracks. The
added absorption capacity of the concrete coating can be calculated from the thickness
of the coating and the parameters of the impact object (e.g. velocity, shape etc.).
Concrete coating is the option that is preferred by companies for large diameter
pipelines (greater than 16") in the NCS. However, specific project requirements (such
as cooling of the pipeline) may suggest that this solution is inapplicable.

Concrete weight coating 60110 mm

Figure 2.9: Example of typical concrete coating (nord-stream2.com)
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2.2.7 Protective structures or tunnels

In the same way as GRP covers, steel or concrete covers can be used and provide the
necessary protection over trawling and dropped objects. The resistance of the covers
can absorb up to 800 kJ of impact energy due to falling objects and 45 kJ due to
trawling equipment [16]. As depicted in Figure 2.10, some standard shapes exist but
different covers can be manufactured to meet specific project requirements. This
characteristic enables them to be utilized for accommodation of other subsea
equipment such as templates and manifolds. As these covers are large objects the
installation activity may represent a dropped object hazard as the crane lifting capacity
is approached. Therefore, the deployment of steel and concrete covers requires a
detailed engineering analysis and it is considered as a complex and time demanding
marine operation.
y
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Figure 2.10: Standard concrete cover shape and its lifting operation (slp-projects.com)

2.3 Concrete mattresses

The installation frame studied in the present work is related to deployment of concrete
mattresses. Consequently, the main interest in the methods of pipeline protection and
stabilization lies in the area of concrete mattresses, and as result a deeper discussion
follows.

2.3.1 History of concrete mattresses

It was back in the 70s when the first mattresses came to the spotlight in the offshore
industry as a measure for subsea pipeline protection and seabed stabilization, as
referred in a report of the International Marine Contractors Association [17]. Concrete
was not the primary material to feel the canvas bags of that time, and bituminous
material and aggregates was preferred for filling, giving relatively notable stiffness.
Consequently, the first ones to be deployed failed to take the pipeline shape or even
teared apart when falling into water. Concrete as a mattress material was first
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introduced in the early 1980s and gave the required flexibility and versatility, and
further expanded while environmental bills by governments and regulatory bodies
banned the use of bituminous material [18].

2.3.2 Manufacture of concrete mattresses

Nowadays, with the advances that have been made in manufacturing, concrete
mattresses are a standardized product, yet changes can be done according to specific
project requirements. The concrete blocks usually have a density of 2400 kg/m?, but
this figure fluctuates in the range of 1800-4800 kg/m? sometimes. The denser material
manages to increase the weight of the blocks laid on the pipeline or achieve better
seabed stability [17]. A multi-block form is used for the formation of the concrete
mattress, as concrete is poured into a steel mold, and polypropylene rope is laid into it
to establish the connection between the blocks. In this way the desired flexibility is
achieved without acting against the stiffness of the whole block, which roughly
accounts 25 MPa of compressive strength. In some cases, the concrete is coated with a
non-abrasive substance or pad (which is left on the supplier’s preference) in order to
protect the pipeline from the mattress itself. Moreover, the mattresses have rope loops
on each side for rigging during installation. The standard industry dimensions are 6m X
3m x 0.15 or 0.30m, and standard mattress weight is approximately 4.9 Te in air and
2.8 Te submerged or around 7.5 Te in air and 4.5 Te in water, respectively [17].

2.3.3 Type of concrete mattresses

There is a range of mattress styles which have been commonly used in the North Sea
to date. Amongst them, the most used ones are flexible concrete mattresses and
fronded mattresses.

e Flexible concrete mattress: this type is the majority of the installed mattresses in
the North Sea and it is a well proven technology with a lot of suppliers offering
standardized products. The key elements are the articulated concrete blocks
which are connected with polypropylene rope and build up a flexible, yet strong
arrangement. Due to the high degree of flexibility this type can closely follow
the contours of a pipeline/umbilical cable or of an uneven seabed in all 3
dimensions. Once installed, the flexible mats may scour into the seabed to
increase the stability and overtrawlability [2]. The dominant supplier is Subsea
Protection Systems Ltd (SPS) which owns roughly 80% share on the market. A
drawing of a flexible concrete mattress is shown in Appendix A.2.

e Frond Mattress: “When a solid object, typically a pipeline, offshore platform
structure or bridge pier is put in place on a loose sedimentary sea or river bed,

the flow of water around this under certain conditions can cause erosion of the
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seabed; this is called scour” [2]. The erosion damage is accumulated and can
cause severe problems in the integrity of the whole structure. Scour is reduced
naturally by the seaweed which forms an obstacle against the flow leading to a
lower velocity of the water. The frond mattresses act as artificial seaweed and
replicate the above natural phenomenon; the concept is that the fronds gather silt
and sediment to build up a natural bank and help in scour prevention. The
mattresses are designed in such way that under their self-weight they sink and
gather silt and sediment to build up a natural bank and help prevent scouring.
There are two types of frond mattresses available; standard concrete mattresses
with fronds (Figure 2.11) and rolled-up spool mounted mattresses completed
with artificial seaweed frond clumps.

Figure 2.11: Hlustration of a frond mattress (pipeshield.com)

Other types of concrete mattresses do exist, such as link-lok mattresses, armoflex
mattresses, grout bags and bitumen mattresses. However, most of these types were
mainly used in the past, as nowadays they are considered expensive and inefficient.

2.3.4 Equipment used for deployment

The deployment of concrete mattresses is a fairly moderate marine operation, but a
comprehensive lifting and rigging study must be carried out. The installation beam or
frame must be capable of a safe, accurate and time effective handling of the mattress
under dynamic sea conditions. More checks are included, such as on the allowable
water depth (especially when using tubular members) and if it is necessary to remove
drains/vents, to name a few. Concrete mattresses are mainly installed one-by-one by
transferring a single mattress to the seabed at a time. The newly, technologically
advanced deployment tools should be ROV friendly, easily controlled by the crane
operator and have an as much as possible automated releasement system. The
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equipment utilized during installation is lifting frames and beams, ROVs and rigging
equipment (shackles, slings etc.) and will be described in the following sections.

2.3.5 Lifting and handling devices

Spreader beams

There are 2 types of spreader beams, the long and the short one. The former is roughly
equal to the length of the mattress while the latter is approximately 3 m long or equal
to the width of the mattress. The long spreader beam is ideal for longitudinal mattress
installation, whereas the short one for transverse installation. Both of them have the
same number of hooks as their respective side of the mattress has loops, and lift the
mattress according to that side. When in air the mattress hangs in a sharp “U” shape.
The example long spreader beam used for illustration in Figure 2.12 is operated by
ROV, as the webbing slings are released when the ROV pulls out the lever on top of
the beam. Using a spreader bar is a time consuming operation as all individual hooks
have to be disconnected one-by-one by the ROV. The latter poses a greater risk of
ROV entanglement during rigging.

Mechanical lifting frame

The dimensions of the frame range typically within the length of the mattress as the
deployment is usually done in the longitudinal direction. The frame is incorporated
with a mechanical release mechanism which releases all straps in one operation. As
result, the installation is considered ROV friendly, as only a lever is pulled by the
ROV for detachment. As pictured in Figure 2.12, the shape of the lifted mattress is a
wide “U” as the frame has an appreciable width dimension.

Figure 2.12: Left-installation by a long spreader beam, Right-short spreader beam drawing
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Multi-deployment frames

Some service companies (e.g. SPS, OffshoreMM, and Submar) that are specialized in
the development and production of subsea equipment and tools have produced frames
for deployment of more than one concrete mattress at a time.

Figure 2.13: Mechanical lifting frame

Usually, these tools are used for large scale deep water installations and most of the
times are custom made with a lift capacity of 2 or 3 concrete mattresses. They are
ROV friendly, equipped with advanced cameras, thrusters and release the mattresses
by enabling a hydraulic release system.

2.3.6 Multi-deployment tools available on the market

As discussed above, there exist some advanced multi-deployment frames on market,
provided by companies who do specialized work on subsea structures. The most
interesting findings that are relevant to the scope of this thesis are described below.

Subsea Production System’s frame [2]

Is one of the world’s leading manufacturers of concrete mattresses and provides single
or double deployment and handling tools for installation. In connection with its
products the company supplies relevant frames for their installation. A typical example
of frame capable of handling 3 concrete mattresses is shown in Figure 2.14.

Dual Mechanical Release Handling Frame [4]

Submar offers a large selection of versatile erosion control products and specializes in
methods or pipeline protection. It provides several handling frames for its concrete
mats, with both single and double mechanical release system. The CMDF-40-DR
Deployment frame (see Figure 2.15) is capable of installing two sets of concrete
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mattresses in different locations in one single deployment trip, by using an upper and
lower release steel bar mechanism on each side.

-
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Figure 2.14: Multi- deployment frame prowded by SPS (youtube. com/sps)

Each bar has attached rods where the sling loops of the mattress are secured for lifting.
Shackles are used to fix the straps in one end, whereas the other end is free to pass
through the mat rope loops and then hook to each rod. In order to use two sets of
mattresses, shorter slings are used for attachment in the upper release bar and longer
ones in the lower bar. One ROV/diver operated lever mechanism can be pulled for
each release-bar and deploy each set (lower first and upper after) of mattress (see
Figure 2.16). The two operations are independent of each other offering a unique
feature in this particular frame. The number of the total mattresses that can be lifted
depends on their size and weight, but it is relatively limited as stacking mattresses on
top of each other, as in Figure 2.15, is not permitted during installation.

Figure 2.15: Multi- deployment frame provided by Submar (Submar.com)
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Figure 2.16: The mechanical releasing mechanism of the Sbmar frame (Submar.com)

Intelligent Mattress Frame (IMF) [19]

IMF (Figure 2.17) is designed and manufactured by DeepOcean, a specialized supplier
of a wide range of subsea services and technologies. It might not be a frame that can
lift multiple mattresses, but the key of its excellence is that can be remotely operated
by a computer on the surface, without the need for ROV or diver intervention. It has a
Safe Working Load (SWL) of 15 Te and it is equipped with advanced tools and
sensors for monitoring and navigation. A Hydraulic Power Unit (HPU) is attached for
powering and enabling the hydraulic release mechanism during deployment.

Figure 2.17: IMF during installation of a concrete mattress (deepoceangroup.com)
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MULTI-MATTRESS DEPLOYMENT SYSTEM MDS®[20]

OffshoreMM offers project-based engineering solutions for the offshore energy
industry and supplies highly technologically advanced subsea related products. Its
flagship in pipeline protection and soil stabilization using concrete mattresses is MDS?
(see Figure 2.18), a state-of-the-art subsea tool.

Figure 2.18: Left- MDSSrivquayside, Right- MDS3 during deployment of 3 concrete
mattresses (offshoremm.com)

This particular tool allows 3 mattresses to be deployed in one lift, speeding
substantially the operation and saving costs. Its SWL in air is around 30 Te. Moreover,
it is equipped with advanced tools, such as 3 cameras, 2 sonars, 1 fiber optic gyro and
sensors for monitoring its movements. Its hydraulic system is composed by 3 pairs of
hydraulic actuators that are remotely controlled and operated from a user on the
surface, eliminating the need for divers and ROV support.

2.3.7 Rigging of the mattresses on the frame

The concrete mattresses must be attached to the handling frame with sufficient rigging
that will provide a safe and simple operational state. The rigging should be inspected,
tested and certified according to industry standards (e.g. DNV GL) and designed with
good and reliable work practices. The rigging tasks need to be executed by trained,
skillful and experienced riggers according to the rigging design study. According to
IMCA [17] the equipment that is most likely to be used is:

o Safety bow shackles between frame and slings.

e \Webbing slings.

o Safety bow shackles at lower end of the webbing slings.

o Safety ROV release systems, attached to the concrete mattress polypropylene
rope loops.

e Split pins for all shackles.
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An adequate vertical clearance should be maintained between the handling tool and the
mattress, usually roughly 4m or greater. Webbing slings of 8m should be therefore
used, especially for mechanical handling devices where ROVs may work beneath it.
The heave motion of the vessel and the type of the crane used (either with heave
compensation or not) should be considered and also determine the appropriate length
of the webbing slings. Different rigging colors should be also used for each side of the
frame to assist the ROV/diver work, in combination with plastic sleeves for protection
and alignment (see Figure 2.19).

During the rigging design procedure adequate safety factors should be incorporated,
such as dynamic factors for weight in air and water, added mass coefficients and
effects, dynamic factors including the splash zone effect and unequal loading of the
slings linking the mattress to the lifting device due to flexibility in the mattress [21].

Figure 2.19: Concrete mattress lifted by 16 x 6m webbing slings of different colors [17]

2.3.8 Load-out, mobilization, over-boarding and
deployment operations

A quayside or vessel crane is used for the load-operation and the allowable crane load
radius curves determine the vessel proximity to the trailer (or truck) access. The
operation is carried out according to accurate, detailed and approved lift plans where
the exact route of the crane and all possible obstacles are noted [17]. The mattress is
lifted and positioned to the predefined, marked location where the crane rigging is
detached and vessel seafastening is required.

Page|23



Universitetet
LS i Stavanger subses 7

PV .

L —

Figure 2.20: Typical seafastening of a concrete mattress stack with cargo straps attached to
padeyes

The installation engineers of the vessel must check and approve the deck plans for the
correct positioning and stability of the concrete mattress stacks. Special consideration
should be given to the position of the stacks as they must not be above hatches, too
close to the pedestals and higher than 2m off the deck. Adequate space should be
ensured in the surroundings to allow safe access and working conditions for
seafastening equipment, riggers and welders. One common method for seafastening
the mattresses is by attaching cargo straps to a welded padeye which goes under the
stack and over the full assembly before re-attaching to the same padeye, as illustrated
in Figure 2.20. The transverse beams of the deck provide the ground for welding the
padeyes. Another common solution is the use of steel stanchions which are welded
above and in-line with the deck stiffeners or T-bars (depending on the type of the
deck), and restrict the stack or the frame.

Next, when the vessel has set on the designated for its marine operations location, the
deployment procedure starts. All involved personnel should be fully aware of the tasks
and the execution methods that will be used, especially on safety rules. The
deployment frame (or beam) is landed on the stack of mattresses where the top one is
attached to it. The most critical point is lifting through the splash zone as great
slamming forces may be exerted on the frame and the mattress. A relatively fast
lowering could lead to load inverting or damage to rigging, due to snhatch loading, so
low to moderate speeds are preferred. Approaching the seabed, the ROVs’ workover
begins, as they monitor the lowering and finally release the mattress from the frame. In
most cases ROVs assist in the accurate positioning of the mattress by giving a push on
the handling device, although this is not recommended. In the newly designed frames
there is usually a built-in docking point for the ROV, which should be utilized for
locking in and manoeuvring. The ROVs use either levers or activate existing hydraulic
handling mechanisms of the frame, for rigging detachment and afterwards for the
recovery phase.

Page|24



Universitetet
LS i Stavanger subses 7

2.3.9 Examples of large scale projects

As discussed above, concrete mattresses have been used for more than 50 years in the
offshore industry with a remarkable operating and safety record. Herein four sizeable
projects will be presented to demonstrate the use of concrete mattresses in pipeline
protection and foundation support works.

Scolty and Crathes oil fields [22]

EnQuest discovered the fields Scolty and Crathes in 2007 in the central North Sea
sector of the UK Continental Shelf, 160km east of Aberdeen. It is also the operator of
the field (40%) in partnership with MOL UK Facilities (50%) and Ithaca Energy
(10%). The selected field architecture is two producing wells tied back over via a 25
km pipeline to the Kittiwake platform. Trenching and backfilling are used for pipeline
protection, however concrete mattresses have been deployed to protect and stabilize
pipelines when they are out of the trenches in the Kittiwake platform 500 m zone and
at the field locations. According to the supplier, SPS, a total of 270 concrete mattresses
were manufactured and delivered to the operator for installation in 2016.

Greater Gabbard wind farm

The wind farm is located east-south of England and consists of 140 Siemens 3.6 MW
turbines with a total capacity of 504 MW. Electricity and telecommunication cables
span 45 km and concrete mattresses were used for protection against trawling. As
stated by RedS [23], that performed the installation activities, 65 mattresses were
installed with diver intervention one-by-one in winter 2009/10.

Messina Il Project, Gioia Tauro, Italy [24]

Prysmian Group was responsible for installing two electrical 380 kV AC cables to
connect Sicily and Italy in a high importance project of a total value of €300 million. A
total of 260 km of cables were installed of which 38 km were placed on the seabed.
The company chose to use flexible concrete mattresses to protect the cables from
falling objects, for crossing over existing pipeline infrastructure and soil stabilization
purposes. Officine Maccaferri was the supplier and manufactured and delivered a total
of 520 concrete mattresses with dimensions of 5x2x0.2 m.
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Shah Deniz 2 [25]

The second field development phase of the gigantic gas field in the Caspian Sea about
70km off Azerbaijan included a $24 billion investment, which reveals the great
fabrication and engineering work done for the project. Among the broad subsea
equipment that was used, such as subsea isolation valves, tie-in piping spools and
anchors, around 1,000 concrete mattresses were deployed for seabed flatting and
stabilization, so the subsea structures could be sited on, and for pipeline and umbilical
protection purposes.

2.4 ROV tooling

2.4.1 Introduction to ROVs

ROVs are extensively used in the oil and gas industry in broad applications including
rig support, field installation operations, survey applications and inspection,
maintenance and repair tasks as well. Their specific area of work is to perform
underwater tasks such as installation and removal of protective caps, operations with
valves, cut hydraulic lines, remove small debris, perform tie-in operations and drilling
support to name a few [14].

A ROV is comprised by the following elements:

e The control unit.

e The Launch and Recovery System (LARS).
e The umbilical.

e The Tether Management System (TMS).

e The vehicle.

e The tooling package.

The use of manipulator arms enhanced their capabilities and boosted their utilization,
since the first ROV with arms was deployed for military purposes by the US Navy in
the 1960s [26]. Usually, a ROV is equipped with a 7-function manipulator (see Figure
2.21) acting as a right arm, whereas the left arm is a 5-function grabber. Torque can be
produced by the 7-function manipulator, and referring to Schilling Robotics Titan 4,
which is in accordance to the industry standards, the nominal wrist torque output is
170 Nm [27]. This is far greater than a human arm can generate, and fairly adequate
for certain “low torque” tasks. However, when “high torque” operations have to be
performed, ROV torque tools are usually utilized. Furthermore, the 7-function
manipulator has a maximum lift capacity of 122 kg, however this is not designed for
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extensive work, as the standards set lower lift limits; for instance, 50 kg is defined as
the lift figure by the API standard. Due to its high complexity this part costs around
USD $200,000, which is three times the cost of a 5-function grabber.

These sophisticated subsea robots are guided by a ROV controller, the pilot, located
onboard a vessel, usually by a joystick similarly to a video game. The connection
between the vehicle and the controller is established via an umbilical cable which
supplies the necessary control, energy (electric, hydraulic) and chemicals.

The ROV deployment is done through the TMS in order to decouple its motion from
the dynamic motion of the vessel due to sea conditions, whereas the TMS is lowered
subsea from the LARS, as depicted in Figure 2.21. The main features of a typical ROV
used during Subsea 7’s operations are also illustrated in Figure 2.22.
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Figure 2.21: The process of ROV deployment (seaeye.com/tms.html)

The ROV tooling deployment methodologies can be categorized in the following
groups:

e Small ROV deployed & manipulator carried tooling.

e ROV mounted, powered & operated tooling.

e Separately deployed, ROV powered and operated tooling.
e Surface powered, vessel-deployed ROV guided tools.
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Figure 2.22: Key elements of a standard ROV (courtesy of Subsea 7)

2.4.2 ROV torque tools

The majority of the torque tools available on the market are hydraulic powered,
although there are few manufacturers producing torque tools operating with electric
motor with enhanced capabilities. However, the following context is relevant for
whether the torque tool is hydraulically or electrically powered. The features presented
below comprise the desirable requirements to be fulfilled by a torque tool:

e Delivers its full torque range without changing motors, operating a gear
change lever, or disassembly. It is sometimes safer to have a “low” and a
“high” torque tool than run the risk of forgetting to reconfigure a tool before
producing the desired output torque with an over-powered torque tool.

e Clearly labelled hose connections and a very clear quick set-up schematic
diagram in addition to a manual.

e Accurate and repeatable results.

e Turns and torque feedback sensors and remote display.

e LED display of turns and torque on the back of the torque tool.

e Latching lugs (with failsafe spring release).

e Easy to change sockets.

e Strong, but lightweight.

e Axial cushioning (shock absorber) of the Socket.

e Manipulator handle located at the tool’s centre of gravity.
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2.4.3 Torque tool failures

One of the most common faults when setting up a torque tool is forgetting or
neglecting to fit a case drain. All hydraulic motors allow a small flow of oil to leak
past their pistons to lubricate them. This oil collects in the case of the motor before
flowing back under low pressure to the hydraulic tank, or reservoir. If a drain hose is
not fitted the pressure will soon build up in the motor’s case. At best this will cause an
‘O’ Ring seal to blow out and, at worst, the internal pressure build-up will be high
enough to crack the metal case of the motor. Both situations will result in uncontrolled
loss of hydraulic oil. On the same basis, it is also essential to be verified that all
hydraulic hoses are connected to the correct port on the hydraulic motor, before
switching on the power pack.

In addition, special care should be taken when inserting the torque tool into the
receptacle to avoid damage to either the stem, or the torque tool itself. A loose grip of
a fishtail handle (which has no compliance) on the tool is usually attached. It may be
necessary not to operate the torque tool until the socket lines-up with the stem. A
torque tool must never be forced or dropped into a receptacle.

Consequently, there are many issues to consider when designing subsea torque
interfaces to be operated by a ROV with, or without, a torque tool. As a precautionary
measure, every torque tool system is supplied with a torque analyser also commonly
known as a Torque Verification Unit, or a Test Jig. This consists of a torque tool
receptacle fitted with a calibrated torque transducer on the end of a dummy square
shaft and is used to calibrate the output of a torque tool. The calibration is usually valid
for one year.

2.4.4 Torque tool controllers

A torque tool’s output is normally controlled by either a three-stage control unit, or a
proportional controller. The three-stage controller controls the flow of hydraulic oil to
the tool to regulate the speed of rotation of the socket, a directional control valve
selects the direction of rotation and three pressure reducers are used to select low,
medium and high torque outputs. The speed and torque values are set-up on deck
before the ROV is launched. The temperature of the oil is a very important aspect of
the output torque and speed, as when its temperature increases, it becomes thicker (less
viscous) and the rated torque decreases, and vice-versa.

On the other hand, proportional controllers introduced the remote control of direction
and proportional control of both speed (hydraulic flow) and flow (hydraulic pressure)
and have an upward trend of utilization in the offshore sector. In addition, the
calibration of the torque has been automatized via the utilization of a subsea torque
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verification unit, the torque analyser, where the torque output can be checked in place
and accurately applied afterwards. Another advantage is that proportional controllers
are supplied with surface control units, usually through a laptop application with a
Graphical User Interface (GUI). The software is usually provided with the torque tool
and displays both input and output parameters. The main input parameters are the
hydraulic pressure and flow being supplied to the torque tool and the output
parameters are the number of turns (rpm) and torque the tool is applying to the stem.
Torque against time is usually displayed as a graph. All the data is logged and stored
as file in the computer’s memory for subsequent reporting and verification purposes. A
typical interface of such software is illustrated in Figure 2.23.
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Figure 2.23: GUI main window overview (e-sea.bluelogic.no)

2.4.5 International standards for ROV interfaces

When deploying an ROV with tooling to actuate subsea valves by applying specific
values of torque, aspects of space limitations, clear access, free space for the umbilical,
matching interfaces and accurate calibration of the torque to be applied, usually arise.
Consequently, ROV tooling must be standardized as well as interfaces mounted on the
valves, manifolds, control systems, actuators etc., The standardization of subsea tools
has made tremendous leaps in the recent years and has been expanded in the whole
offshore industry. There are three international standards that provide essential
information on the design of ROV interfaces:

e API 17D, The Design and Operation of Subsea Production Systems — Subsea
Wellhead and Tree Equipment, Second Edition, September 2011.

e API 17H, Remotely Operated Tools and Interfaces on Subsea Production
Systems, Second Edition, June 2013.

e SO 13628: Part 8 (also adopted as APl RP17H), Remotely Operated Vehicle
(ROV) interfaces on subsea production systems, Corrected Edition 2006.

Page|30



Universitetet
LS i Stavanger subses 7

The two latter standards are more applicable to the scope of the present study. They are
considered equivalent to each other and both are worldwide accepted and well-proven,
albeit some minor differences do exist.

2.4.6 Torque tool interface

For the purposes of the current work the most relevant equipment is the rotary docking
receptacle, which provides docking, torque reaction, alignment and socket mating for
ROV torque tools [28]. The interface is shown in Appendix A.1 and usually comes
with securing latches and tubular housing to facilitate the bearing of the rotating shaft.

The torque tool interfaces (or ROV buckets-Figure 2.24) are divided in seven classes,
as per Table 2.3, in which all commercial torque tools are standardized, designed on
and refer to the maximum allowable torque that can be produced and applied at the
interface.

Table 2.3: Torque interface receptacle classification [28]

Maximum design torque N-m
(Ibf-ft)

67 (50)
271 (200)
1,355 (1,000)
2,711 (2,000)
6,779 (5,000)
13,558 (10,000)
33,895 (25,000)

Class

N[O~ IWIN|EF

Figure 2.24: ROV bucket with (left) and Withaut (right) stem (google.images.com)

Page|3l



Universitetet
LS i Stavanger subses 7

Chapter 3
Gear theory

3.1 Introduction to gears

Gears are widely used for the transmission of motion (energy) from one axis to another
- mostly between shafts. Gears are used since ancient times and are first introduced in
the writings of Aristotle [29] around 330 BC, where they were used to build simple
everyday structures such as compasses, clocks and water-lifting equipment. There are
however indications and sketches that gears are used since 3,000 BC by Chinese,
Babylonians, Romans and Greeks. The most remarkable example of the wide use of
gear and the high level of complexity achieved during that time is the famous
Antikythera mechanism (see Figure 3.1 for illustration) dated around the first century
BC. It is believed (because scientists have not fully solved the riddle) to be the first
analog computer and orrery, used to predict the movements of the planets, their orbits,
eclipses and as a time-cycle tracker for the ancient Olympic Games taking place every
four years [30]. It included at least 32 bronze gears manufactured with detailed
engineering and accuracy, with its largest gear having a 140 mm diameter and 223
teeth.

Figure 3.1: Left-The Antikythera mechanism as kept at the National Archaeological Museum
in Athens, Right-An artistic illustration of how it may look like (wikipedia.com)

There are various means of mechanical power transmission such as belts, chains and
gears. The latter though have the largest market share in most industries, as have their
durability and robustness has been tested and verified. The high efficiency ratios
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naturally come with a cost, as gears are costlier than their counterparts, and as the need
for precision increases so does the manufacturing costs.

Gears present some great advantages during the transmission of motion such as:

e High level of efficiency.

e Transmission of high power (up to 50,000 kW).

e Manipulation of torque and speed input and output.

¢ Reliable and long lifespan of safe operation,

e Transmission of power between parallel, non-parallel, intersecting and
nonintersecting shafts.

e Relatively low maintenance.

e Exact ratio of transmission.

e The capability of overloading.

e Small size.

Yet, some drawbacks do exist:

e The high cost of manufacturing.

e The noisy operation.

e Power cannot be transmitted over long distances.
e Requirement for continuous lubrication.

e The sensitivity in tooth meshing.

e The non-elastic transmission of the loading.

Despite that, gears are the primary form of mechanical power transfer used in robotics,
automobiles and even in the mechanism that opens the tray on a DVD player. The
multiple mattress-handling mechanism will have a set of gears, with the purpose being
that gears can increase the torque provided by the ROV torque tool, with a velocity
decrease as counterbalance. In other words, the gearset is a device to exchange torque
for velocity and vice-versa according to the mechanical advantage (or torque ratio mr)
ma:

(4
L @)
C()g g p p

Where the subscript p and g refer to the pinion and gear, respectively onwards. Also:

o = angular velocity (rad/sec)
n =rotational speed (rpm)

N = number of teeth

d =the pitch diameter (mm)
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Therefore, a comprehensive study of gearing is deemed necessary for a good
understanding of the related mechanics and gear design.

3.1.1 Type of gears

There are several different types of gears classified according to the direction of the
power they transmit and to the type of the teeth. Figure 3.2 shows a broad
classification of gears, with the most widely used ones being the spur gears, the helical
gears, the worm gears and the bevel gears. Albeit, standard gears are massively
manufactured and used in many industries, a tailor made gear design is preferred for
particular applications in order to reduce the cost penalty involved with the assist of
computer tools which decrease the requirements in engineering time.

GEARS
Parallel Intersecting Non-parallel
shafts shafts non-intersecting
Spur Helical Double Herringbone Spiral Hypoid Worm
helical

R ! |

Straight  Spiral Zerol Face
bevel bevel bevel gears

Figure 3.2: Classification of gears according to the orientation of the operating shafts [31]

In the following Table 3.1 a comparison between the different gear arrangements and
features is attempted. A brief presentation of the gear types will follow alongside with
the basic gear terminology and nomenclature.
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Table 3.1: Comparison of the different type of gears and their characteristics [32]

Worm Helical
Type
Shaft Mon intersecting,
Parallel shaft Intersecting shaft | Intersecting shaft Parallel shaft
Amangement non parallel shaft
same pitch, same pitch, same thread, Same pitch,
i Same pitch & .
Meshing pressure angle & | pressure angle & | pitch & pressure | pressure angle &
pressure angle " " ;
face width face width angle helix angle
Gear Ratio 1:1 to 6:1 3:2 to 51 3:2t0 4:1 9:1to 75:1 3:2 to 10:1
Efficiency 94-98% 93-97% 95-99% 50-90% 94-98%
: Highly durable & ;
Most common & Durable & ideal . Can be used for | Higher strength
can handle high
Features cost-effective for high load . special and durable than
o load than straight ]
type of gear applications occupations spur gears
bevel
MNoise and Less than spur | Less than straight Cluiet and Less than spur
Mois
Vibration - gear Bevel Smooth gears
o Conveyors, Printing press, Tractors, final Anti Reversing, Automobile
Application
Constant Differential gear | reduction gearing | Indexing devices transmission

Spur gears [31]

Spur gears are the most used gears in many industries and they transmit power
between two shafts being in parallel to each other and impose only radial loads on their
support (or bearings).

Figure 3.3: Spur gears (science.howstuffworks.com)

Their unique characteristic is the straight teeth which run in parallel to the gear’s axis
of rotation enabling a rolling contact between the teeth, which produces less thermal
energy than other teeth configurations. Because of the simultaneous contact of the
same inner side of the teeth they are wearing out and make noise due to high
vibrations. A proper lubrication of the gears can solve this issue, but it must be
implemented on a frequent basis. An illustration of spur gears is shown in Figure 3.3

Page|35



Universitetet
LS i Stavanger subses 7

where the small gear is called pinion and the large one holds its term (name). In most
cases, the pinion is the driving element (energy input in the system), whereas the gear
is the driven component. The pinion is usually the component that has large angular
velocity and low torque values, and through the transmission of motion to the gear the
angular velocity decreases, while the output torque increases.

Helical gears [31]

Helical gears (see Figure 3.4) have the same concept with spur gears with one main
difference; their teeth are curved in the shape of helix (helix angle varies from 15° to
30°), which might be right-handed on one gear and left-handed on the other one.
Therefore, they act as a conduit of motion between parallel shafts, but they can also be
used for transmission of motion between perpendicular non-intersecting axes of
rotation. In addition to spur gears, they gradually start to take over the loading which
results in a smoother teeth engagement and less noisy operation even at high rotating
speeds (up to 50 m/s). In single helical gears both radial and thrust loads are created on
the bearing, whilst only radial loads should be considered on double helical gears, as
the imposed axial thrust loads act on opposite direction and thus they are self-
neutralized.

Figure 3.4: lllustration of helical gear (https://apps.autodesk.com/FUSION)

Worm gears [31]

When there is small place available and a need for high-ratio speed reduction exists,
the most appropriate set of gears to be utilized are the worm gears (see Figure 3.5).
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Figure 4. Single-throated (single-enveloping) worm drive

Figure 3.5: Single—enveloping worm gears (machinerylubrication.com)

The arrangement comprises a worm gear, which resembles a skew and a worm wheel
(similar to a spur gear), which together transfer the motion between (usually)
perpendicular shafts. The speed ratio may vary from 1:10 to 1:300 and worm gears can
either greatly increase the torque or greatly decrease the speed. Some more advantages
of this type of gear set are the smooth and silent operation and the provision for self-
locking. The latter unique characteristic of worm gears allows the worm to easily turn
the gear, but the gear cannot turn the worm. With proper design in regards the contact
interface and the associated friction, and in conjunction with frequent lubrication, the
worm will be kept in place and the mechanisms will not back-drive. However, some
limitations do exist; worm gears have a low power transmission capacity up to 100
kW, the high speed ratio yields excessive heat which reduces the efficiency of
transmission and requires constant lubrication.

Bevel gears [29]

This system of gears can transmit motion between shafts that have intersecting axes of
motion and for nearly any angle of intersection, though usually used for perpendicular
ones. It consists of conically shaped teeth, which may be straight or spiral as pictured
in Figure 3.6.

Figure 3.6: Left- Bevel gears with straight teeth, Right-Bevel gears with spiral teeth
(wikipedia.com)

Spiral bevel gears, likewise helical gears, have the feature of gradually engagement of
the teeth and carrying out the loading, thus making their operation smoother and
quitter. Bevel gears are usually chosen to carry a constant velocity ratio between axes
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of motion and their unique feature is that their cones may roll together with complete
absence of sliding motion. The main concern regarding bevel gears are the great thrust
loads transmitted in the bearings as these forces may cause a bending to the shaft.

3.2 Gear standards, terminology and nomenclature

The standard that will be applied during the gear design is the metric edition of the
American Gear Manufacturers Association: ANSI/AGMA 2101-D04 [33], with
reference to the books of Childs [34], Juvinall [35] and Norton [31]. The standard
suggests an empirically based analytical gear stress analysis approach for determining
the root bending and contact stresses in involute spur gears. Moreover, the metric
edition uses International Organization for Standardization (ISO) symbology and Sl
units and is closer to the European academic intuition. Furthermore, the AGMA
standard corresponds to the majority of the citations in the bibliography as per gear
design, and many reputable authors include a gear design analysis with the AGMA
standard as reference.

Each set of gears has its unique characteristics and elements, but there is a common
definition basis for the various peculiar gear terms. It would be in the benefit of the
reader a presentation and explanation of the main terms and properties that make the
gear function smoothly in energy transmission. Gaining a holistic view of the
terminology and the nomenclature used in the literature can lead to a more sound gear
design. Definitions are given with reference to Norton [31].

The nomenclature that is used is presented in Table 3.2 alongside with the respective
fundamental unit.

Table 3.2: Variables used in the present chapter

Variable Symbol Sl units
Addendum a m
Dedendum b m
Center distance C m
Surface finish factor Ct -
Hardness factor CH -
Elastic coefficient Cp -
Pitch diameter d m
Face width F m
Brinell hardness HB -
AGMA surface geometry factor I -
AGMA bending geometry factor J -
Application factor Ka, Ca -
Rim bending factor Ks -
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Idler factor

Life factor

Load distribution factor
Reliability factor

Size factor

Temperature factor

Dynamic factor

Module

Mechanical advantage

Gear ratio

Contact ratio

Angular velocity ratio
Number of teeth

Factors of safety-Bending and contact
Teeth number of pinion and gear
Number of revolutions per minute
Base pitch

Circular pitch

Diametral pitch

Gear quality index

Pitch radius

Pitch line velocity

Total force on gear teeth
Radial force on gear teeth
Tangential force on gear teeth
Lewis form factor

Pressure angle

Radius of curvature

Bending stress

Surface stress

Angular velocity

K, CL
Km, Cm
Kr, Cr
Ks, Cs
Kr, Cr
Kv, Cv’

ma
Me

mv

kn, kf

Nrpm

ec

Z2ZZ % 3

deg
m
Pa
Pa
rad/sec

In addition, in the next table, Table 3.3, an attempt is made to provide all the necessary
formulas and conversions of the various gear variables.

Table 3.3: Gear formulas and conversions

To obtain From known Formula
Pitch diameter Module and number of teeth d=mN
Pitch radius or angular @, .
Mechanical advantage velocity m, = =+
a)out rin
Circular pitch Module zd
TN
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Module Diametral pitch . 25.4
Py
Diametral pitch Number of teeth and pitch N
diameter Pa =7
Number of teeth Module and pitch diameter N
m
Gear ratio Number of teeth Ng
Mg =—=
NP
Addendum Module d=m
Dedendum Module b=1.25m
Outside diameter Module and pitch diameter or D,=D+2m= m(N + 2)
number of teeth
Root diameter Pitch diameter and module D, =D-2.5m
Base circle diameter Pitch diameter and pressure D, =Dcos¢
angle
Base pitch Module and pressure angle p, =Mz Cos¢
Tooth thickness at standard ~ Module _zm
pitch diameter sd — "o
Module and number of teeth m(N +N )
Center distance C= —12 2
Minimum number for teeth  Pressure angle 2
for no undercutting Niin = sin2¢

Gears follow the same principles as two friction rolling cylinders that have no slip
conditions on their contact point, and thus transmit motion from axis to another. The
surfaces of these cylinders can theoretically be considered as two tangential circles, the
pitch circles, where all calculations are based on. The diameter of the pitch circle is the
pitch diameter, designed as d. Therefore, when teeth are added on the pitch circle
expands both outside and inside the pitch circles.

The circular pitch pc is the circular distance from a point on one gear tooth to a like
point on the next tooth, taken along the pitch circle. Two gears must have the same
circular pitch to mesh with each other. The module, m, is measure of tooth size in the
metric system. In units, it is millimeters of pitch diameter per tooth. As the tooth size
increases, the module also increases. Modules usually range from 1 to 25. The
diametral pitch, denoted as pq, is the ratio of the number of teeth on the gear to the
pitch diameter the imperial units.
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Figure 3.7: Basic gear terminology [35]

The most relevant teeth characteristics are presented below:

Addendum is the radial height of a gear tooth above the pitch circle, while dedendum is
the radial height of a gear tooth below the pitch circle. Adding these parameters yields
the whole depth, which is the total radial height of a gear tooth (whole depth =
addendum + dedendum). Pressure angle is the slope of the gear tooth at the pitch-
circle position and defines the plane of the induced force on the gear. The current
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standard values of the pressure angle are 20° and 25°, with the former dominating the
market.

\ Addendum

L

T

‘Working Whole
depth depth

1_‘_ Tooth
thickness r

\? P
Clearance Fillet
radius R
Dedendum

circle  Clearance circle
(mating teeth extend
to this circle)

Figure 3.8: Gear tooth characteristics [35]

Helix angle is the inclination of the tooth in a lengthwise direction. (If the helix angle
is Q°, the tooth is parallel to the axis of the gear—and is really a spur-gear tooth.) The
backlash is the difference between the tooth thickness of one gear and the tooth space
of the mating gear. Clearance accounts the difference of dedendum form the
addendum of the mating gear and is required to prevent the tip of the tooth of on gear
from riding on the bottom of the mating gear. Center distance is half-sum of the pitch
diameters of two non-intersecting axes.

3.3 Forces on spur gears

When the pinion transfers a torque T, to the gear, the gear teeth are in contact at the
pitch point O and a force W is transmitted from one tooth to another in the direction of
the pressure angle ¢, as shown in Figure 3.9. This force is analyzed in two normal
directions, Wt acting in the vertical direction whilst W; acts in the radial direction.
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L

Figure 3.9: Forces on the gear tooth

The magnitude of the components is:

T, 2T 2pT
W= =" Pl (3.2)
rp dp NP
W, =W, tan ¢ (3.3)
W
W=— 3.4
oS¢ (34)

Where T, is the torque on the pinion shaft, rp is the pitch radius, d, the pitch diameter,
Np the number of teeth and pq4 the diametral pitch of the pinion. The force applied on
the gear is exactly the same as the one on the pinion.

The tangential force can be associated with the power and the rotating speed of the
shaft, which will later be an important aspect of the design. The mean pitch line
velocity, V, is introduced for this purpose:

_rz-d-n

= 3.5
60-10° (3.3)

Where d is in mm and n in revolutions per minute (rpm). The transmitted power P (W)
IS:

W
p—_t 3.6
v (3.6)
2
__d _150.10°_T 3.7
=P = =120-10° — 3.7
60-10°

Where, T is the torque of the shaft in Nm.
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Taking into account expression (3.7) the tangential force (in N) acting on the tooth can
be viewed as:

60P
z-d-n

W =

t

-10° (3.8)

Expression (3.8) relates the magnitude of the tangential force component with the
transmitted power, the pitch diameter of the gear and the speed of the shaft.

3.4 Gear failures

The gear designer’s main area of study is to choose the appropriate gear size, geometry
and material to carry the required power. He should bear in mind the various stresses
developed on the gear teeth and the several failure modes that can be developed and
bring disastrous consequences.

Figure 3.10 aims to show the big list of gear failure modes, nevertheless the present
piece of work will focus on two types of gear failures:

e Tooth bending fatigue leading to breakage (root cracking): The maximum
bending stress occurs at the tooth root fillet, due to the fact that is considered
as a cantilever beam rigidly fixed at its base. Therefore, the excessive
bending results in highest magnitude of tensile stresses that can yield fracture
and cracks at the root fillet [29].

e Tooth surface contact fatigue leading to pitting: Pitting occurs due to
repeated cycling contact stress on the tooth surface, which Hertzian contact
stresses exceed the surface fatigue strength of the material. In or in close
proximity of the fatigue region craters are created and material is wearied,
causing a stress concentration area. This imposes greater impact loads to an
already weakened tooth and increases the probabilities of fracture. The
failure pitting process is relatively slow and requires at least 10000 cycles of
contact [29].
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MODES OF GEAR FAILURE
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-I Destructive Scoring |
—| Surface Origin Failurel

Figure 3.10: Different modes of gear failure

-{ Subsurface Origin Failurel

Intial Pitting

Overload Breakage

The above critical stress points can be viewed in Figure 3.11 where a photoelastic
pattern of gear-tooth stresses is pictured. The photoelastic process is beyond the scopes
of this thesis but is sufficient here to note that the highest stresses exist where the lines
are bunched closest together. This occurs at two locations: (1) the point of contact with
the mating gear, where force F is acting, and (2) in the fillet at the base of the tooth
[35].

Figure 3.11: Contour lines of maximum spur gear stresses under an applied force on the tip of
the tooth [35]

Fatigue fracture due to bending stresses can be controlled and endured during the
lifetime of a gear with the selection of the proper material with higher allowable
bending stresses. On the other hand, materials do not have a resistance upper boundary
for cycling surface-contact stresses and thus is impossible to design gears with infinite
lifecycle against surface failure. The two principal failure modes will be addressed in
the paragraph in accordance to the AGMA standards and recommendations.
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3.5 Gear tooth strength

3.5.1 Bending stresses

Lewis Equation [34]

Lewis was the first to describe the bending stresses of a gear tooth in 1892, and the
AGMA standards still rely on the basic principles of his equation. Lewis assumed that
the gear tooth behaves as a cantilever beam when a normal force is applied on its tip,
resulting in highest values of bending stresses in the tooth root, and he delivered the
following equation:

i W,
O_LeW|s — t 39
; m-F-Y (3.9)
Where:
0, = The Lewis bending stresses

W:  =the tangential force on the tooth tip

m = the normal metric module

F = the face width

Y = the Lewis form factor (dimensionless geometry factor)

The Lewis form factor Y was introduced by Lewis himself and takes into account the
geometry of the tooth root to distribute the stresses. He published several tables for
different pressure angles and tooth numbers. These tables can be replicated into a
graph which is shown in Figure 3.12. The factor is different for the pinion and the gear
resulting in different values of bending stresses.

0.60

ff

—— é.“_'

(=)
=
i
o4
£

\\!l%'?\
1]

a
-
Al
L1l

Lewis form factor ¥

1z 15 17 20 24 30 35 404550 60 80 125 275 =
Number of teeth ¥ (Rack]

Figure 3.12: Values of Lewis form factor Y for standard spur gears [31]
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AGMA equation for bending stress [34]

The AGMA standards use the Lewis equation as a basis and through reaffirmed and
adding of more geometric and reliability factors propose the following equation for the
calculation of the bending stresses of a gear tooth:

1 KK,

o, =W.K K K, —— 3.10
b t' 0 S F.m YJ ( )
Where:
o, = the bending stress (N/mm?)
Wi = the transmitted tangential load (N)
Ko = the overload factor
KV = the dynamic factor
Ks = the size factor
F = the face width (mm)
= the normal metric module for spur gears (mm)

Kh = the load distribution factor
Ks = the rim thickness factor
Y = the geometry factor for bending strength

The overload factor takes into account any abnormal applied load in the excess of the
nominal load W; and in the current work will be taken as unity, as no shocks are
anticipated.

The dynamic factor K, tries to capture the vibrations and dynamics in the tooth
spacing due to misalignments and non-accurately meshing gears. AGMA provides
empirical curves to calculate the dynamic factor in accordance to the pitch line velocity
V.

The size factor Ks accounts the different material properties of the gears and for well-
established materials as steel is taken as unity.

The load distribution factor, or face width factor, Ky accounts the uneven load
distribution on the face width due to axial deviations of the tooth geometry and
variations in the assembly of the gears, and therefore depends on the size of the face
width. Its value it is defined by the characteristics of the gears according to graphs or
analytical expressions provided by AGMA.

Kg, the rim thickness factor, examines if the rim thickness is sufficient to provide full
support for the bearing and in the present work will be taken equal to 1.
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The geometry factor Y; is calculated from a complicated algorithm in the AGMA
standards, but some cases are tabulated and can be found from graphs for certain
number of teeth and pressure angles. Such graph is the one shown in Figure 3.13.
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Figure 3.13: Bending strength geometry factor Y, for 20° pressure angle [34]

AGMA equation for allowable bending stress [34]

The allowable bending strength according to AGMA is:

allowable o Y
o llowable _ TFP N

3.11
’ S.Y,Y, (31D
Where:
Opp = the allowable bending stress of the material (N/mm?)
YN = the stress cycle factor for bending stress
Sr = the AGMA factor of safety
Yo = the temperature factor
Yz = the reliability factor

The life factor Yn accounts the differences in the lifecycle of the gears. The test data
use 10" cycles of operation, so the factor modifies the AGMA strength taking into
consideration the different number of load cycles. The pinion and the gear have
different values, which can be extracted from the graph in Figure 3.14.
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The temperature factor can be taken as unity for temperatures up to 120 °C. Above this
value the factor should be increased to account the degradation of the lubricant.

The AGMA strength standards are based on statistical distributions of the fatigue
failure of the material in 99% reliability. If this value is deemed satisfactory then the
reliability factor is taken as unity, otherwise a linear interpolation should be used for
any other case.
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400 BHN
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Case carb.

Y, =9.4518N 18

-0.1192

Z08HN Yy =6.1514N

2.0
160 BHN
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Yy = 4.940aN 104

Yy=2.3194N""05%8

Yy =1.6831N 52
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Number of load cycles N

Figure 3.14: Bending strength life factor Yn [34]

The allowable bending stress, orp, is @ material property and is given usually by the
supplier. It can also be calculated as:

0 =0.533H; +88.3 (steel grade 1) (3.12)

o =0.703H, +113 (steel grade 2) (3.13)
Moreover, values can be obtained from Table 3.4 below, which also contains
allowable bending stresses for nitride through hardened steel grades 1 and 2.

Alternatively, an estimate can be derived from:

Opp ~20.25+1.176H, —9.584-10*H} (3.14)
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Table 3.4: Repeatedly applied allowable bending stress and allowable contact stress for a
selection of iron and bronze gear materials at 10 ’ cycles and 99% reliability [34]

Typical Allowable Allowable
Heat minimum bending contact stress
Material Designation treatment surface hardness stress (MPa) (MPa)
ASTM A48 gray Class 20 As cast — 34 345—-414
cast iron Class 30 As cast 174Hg 59 448—517
Class 40 As cast 201Hg 90 517—586
ASTM A536 ductile Grade 60-40-18 Annealed 140Hg 152—228 530—634
(nodular) iron Grade 80-55-06 Quenched and 179H5g 152—228 530—634
tempered
Grade 100-70-03 Quenched and 229Hg 186—276 634—772
tempered
Grade 120-90-02 Quenched and 269Hg 214-303 710—869
tempered
Bronze Sand cast Oy min = 275 MPa 39 207
ASTM B-148 Heart treated e min = 620 MPa 163 448
alloy 954

Where Hsg is the Brinell hardness.

Contact stresses

AGMA equation for contact stress [34]

AGMA proposes the following equation for pitting resistance, namely for repetitive
high contact stresses:

Where:

G,

Ze
W
Ko

K
Vv

Ks
F
dw
Kn
Zr
Z

Gc:ZE tKoK\;KsLQ
F-d, Z,

w

= the absolute value of contact stress (N/mm?)

= elastic coefficient (VN /mm?)

= the transmitted tangential load (N)
= the overload factor

= the dynamic factor

= the size factor

= the face width (mm)

= operating pitch diameter of the pinion (mm)

= the load distribution factor

= the surface condition factor for pitting resistance
= the geometry factor for pitting resistance

(3.15)
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The factors Ko, K, Ks and Kn are the same as the ones used for defining the bending
stresses in equation (3.10) and can be found from the relevant tables or graphs.

The elastic coefficient factor, Zg, is related to the different material properties of the
gears and is given by the following equation:

7. - ! 1 (3.16)

Where:
vp and vg = the Poisson’s ratio for the pinion and gear, respectively

Ep and Eq = the Young Modulus for the pinion and the gear, respectively
(N/mm?)

The elastic coefficient factor can also be retrieved from tables, as Table 3.5 below.

Table 3.5: Values of the elastic coefficient Zg [34]

Gear material

Evinion Malleable Nodular Cast Aluminum Tin

Pinion material (GPa) Steel iron iron iron bronze bronze
Steel 200 191 181 179 174 162 158
Malleable iron 170 181 174 172 168 158 154
Nodular iron 170 179 172 170 166 156 152
Cast iron 150 174 168 166 163 154 149
Aluminum bronze 120 162 158 156 154 145 141
Tin bronze 110 158 154 152 149 141 137

The operating pitch diameter, dw, is given by:

e

d =
1+v

w

(3.17)

Where v is Poisson’s ratio and C the center distance.

The surface condition factor, Zr, accounts the residual stresses, the surface finish and
plasticity effects (work hardening). If the appropriate surface condition is achieved the
factor is taken as unity.

The geometry factor for pitting resistance involves the geometric characteristics of the
involute tooth shape and evaluates their radii of the curvature and how the contact
stresses are spread in the tooth flank. AGMA suggests the use of tables for standard
tooth shapes in order to determine the value of the geometry factor. The following
analytical expression can also be used:
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_cosgsing mg

ZI
2 my+l

(3.18)

Where:
¢ = the pressure angle

me = the speed ratio (Ng¢/N,- ratio of the number of teeth)

AGMA equation for the allowable contact stress [34]

The calculated contact stresses must be compared with the allowable contact stresses
as defined in AGMA:

Z,Z
gilioetle _ e Enlw (3.19)
S, Y)Y,

Where:
owe = the allowable contact stress of the material (N/mm?)
Zn = the stress cycle life factor
Zw = the hardness ratio factor
SH =the AGMA factor of safety
Yo = the temperature factor

Yz =the reliability factor

The stress cycle life factor, Zn, is the respective Yn factor that is used in the bending
stresses in equation (3.11). It can be found from Figure 3.15.

The hardness ratio factor accounts the differences in the hardness of the materials, the
gear ratio and the surface finish of the pinion, which can yield a work hardening effect.
The factor can be calculated by the following equation:

Z,, =1+ A(m; -1) (3.20)

Where:

H
A=8.98-10" [ﬂ]—s.zg-lof* (3.21)

Bg

Hgp and Hgg = the Brinell hardness of the pinion and gear, respectively.
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mc = the speed ratio (Ng/Np- ratio of the number of teeth)
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Figure 3.15: Pitting resistance life factor Zy [34]

The temperature and reliability factors, Yo and Yz respectively, are similar to the ones
defined in equation (3.11) for the bending stresses and are calculated in a similar way.

The allowable contact stress, onp, IS @ material property and is also given by the
supplier. It can also be calculated as:

o,p =2.22H, +200 (steel grade 1) (3.22)
o, = 2.41H + 237 (steel grade 2) (3.23)
Values can be drawn also from table 1.4; otherwise estimation can be made as:
oup ~2.382H, +182.7 (3.24)
3.6 Rotational work and power
In order to design a gearset of any kind some input is needed, with the torque, speed,

power and gear size being the most dominant ones. In this section, these parameters
will be presented.
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Figure 3.16: tangential force applied on a shaft (physics.ohio-state.edu)

The work done (WD) of a rotating shaft with a tangential force Wby an angle 6 is

given as:
WD :Wts :WtrH (3.25)
T=Wr
=WD = T8 (3.26)

Power, P, is the amount of work done with respect to time, and for a constant force is
defined as:

T0

p=W/ - —
dt dt

To (3.27)

Where o is the angular velocity in rad/sec, which can also be expressed as:

n
0=2r-N =27 — 3.28
7z rps Z 60 ( )

Where:
Nrps = the number of rotations per second

n = the revolutions per minute

If we substitute @ from equation (3.28) to equation (3.27) the final expression of the
power is extracted:

n
P=T-2z-= (3.29)

= P =0.1047T -n
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Chapter 4
Concept presentation

The design of a steel frame capable of deploying multiple concrete mattresses in one
lift will be based in the fulfillment of all the necessary operating and safety
requirements. In this chapter, the proposed concept alongside with all the associated
challenges will be presented and discussed. At attempt is made to address most of the
identified design challenges with practical solutions and new ideas, in order to
conclude to a simple and robust tool.

4.1 Challenges and requirements

Firstly, no such multi-handling tool exists in the market. A master thesis carried out
five years ago within Subsea 7 [36], made a first attempt to design an installation
frame for installing five concrete mattresses in a single lift. A concept design and
detailed structural calculations were performed in some components of the frame.
However, despite the good work done in that thesis, eventually the concept did not
manage to get into further studies, as later on the proposed handling mechanism was
re-examined and found to impose large forces on the frame. Therefore, the frame had
to be relatively large, and thus heavy and impractical for subsea installation of concrete
mattresses. Consequently, the deployment mechanism will need special consideration
and detailed engineering as it will be consisted by small mechanical parts that require
structural and mechanical modelling, calculations and checks.

A working basis was set with the company, which should meet certain requirements.
These requirements can be summed up to the following:

1. The frame should handle as many as practically possible concrete mattresses
in a single lift.

Ability to deploy one mattress at a time, while holding the rest in place.
Simple seafastening and rigger friendly.

ROV and diver friendly.

Reliable, safe and time-effective.

a s wn
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4.2 Multiple concrete mattress installation frame
concept

Herein, the concept proposed by Subsea 7 will be thoroughly discussed and analyzed.
Its backbone and key elements will be identified, so the detailed engineering can
follow in the next chapters.

Firstly, the orientation of the mattresses in the frame is given in Figure 4.1; the
mattresses will be positioned in the frame in their longitudinal axis (x-x"), while the
transverse direction lays in the vertical axis (y-y’) and the mattress thickness defines
the third axis (z-z"). The minimum dimensions of the main frame are derived by the
ones of a typical concrete mattress, as they have been defined before and are shown in
the drawing attached on Appendix A.2. Therefore, the length, height and width of the
frame are based on the length, the width and the thickness of the mattresses,
respectively.

Additionally, the frame will be consisted by cassettes where each mattress will be
placed. Such configuration will restrict the large motions of the mattresses due to the
dynamics involved in the marine operations, and also prevent the collision with each
other, which could damage the product itself.

Figure 4.1: lllustration of the concept proposed by Subsea 7

A standardization of the deployment tool is desired, so practically it can be considered
as a steel rectangular cage. In addition, one important aspect that will be taken into
account regarding the geometry is the mobility of the frame. The idea is that the
mattresses will be loaded in the frame at their manufacturing facilities and then
transported with a regular size truck to quayside. As no special vehicles will be
required, many frames can be produced and treated as single units loaded on trucks,
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speeding up significantly the transportation time. Thereafter, the mobilization of the
portable unit at quayside can be done with the vessel crane.

The rigging of the mattresses and the deployment mechanism are illustrated in Figure
4.2. As all cassettes of the frame are similar, a bottom up description of one only
cassette is presented.

Figure 4.2: lllustration of the handling mechanism

The bottom of the deployment frame has no beams or any other restriction components
to hold the selfweight of the mattresses, so they are entirely lifted by a spreader beam,
called lower pipe from now onwards. The spreader beam acts as crosspiece to
distribute the loading, and due to that, hooks will be mounted on its bottom. As
described in section 2.3.2, the mattresses have rope loops on each side. The loops of
the longitudinal side of the mattress will be attached to the hooks of the lower pipe,
establishing several attachment points, as depicted on Figure 4.3. On the top side of the
lower pipe, two padeyes with shackles will be attached close to each pipe-end, which
will act as lifting points of the lower pipe and the mattress.

il

Rope loop

Spreader Hook point

beam

6000

Figure 4.3: The attachment points of the mattress with the lower pipe
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A cylindrical pipe, the upper pipe, is located above and holds the lower pipe. The
connection is established with the use of steel wire slings that are attached to the
shackles of the lower pipe and transmit vertically the load to the upper pipe (see Figure
4.2). The steel wires are reeled around the upper pipe between an arrangement of two
circular flanges welded around the pipe. The flanges will keep the steel wires
compactly reeled on the drum and simultaneously act as securing points of the wire
ends. The upper pipe is restricted on both sides with padeyes attached on the frame. To
prevent the pipe from getting out and falling off the padeye, a circular end-plate will be
welded on each end, as shown in Figure 4.4. The diameter of the pipe is expected to be
outside the pinhole diameter of padeyes available on the market, and thus a custom-
made padeye design will be considered. The inner pinhole section will accommodate a
thin layer of plastic or other polymer (e.g. polyoxymethylene or POM as its market
name) material with very low value of friction coefficient, so the upper pipe can easily
rotate. The rotation of the upper pipe is necessary in order to unreel the steel wires and
lower the object close to the seabed.

e E—
— Upperpipe

Circular
end-flange

Figure 4.4: The support of the upper pipe to the padeye

However, the forces acting on the upper pipe through the steel wires due to the
selfweight of the mattress will tend to constantly rotate the pipe, jeopardizing the
whole installation procedure. A measure to counterbalance the produced torque on the
pipe will be the introduction of locking pins in one of its side-ends. The pin (or pins)
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will penetrate horizontally the circular end-plate and the padeye, establishing a
locking-attachment against rotation of the pipe.

For the initiation of the deployment procedure, torque should be applied on the
different direction of the torque produced by the concrete mattress selfweight. In this
phase, the locking pin can be released, as the large forces acting on it are waived, and
afterwards the lowering of the mattress can start by gradually reducing the input
torque.

The concrete mattress is a relatively heavy object and is expected to impose quite large
torque values on the upper pipe. The regular subsea ROV torque tools are expected to
be inadequate to apply the required torque values to counterbalance the produced one.
Hence, a gearset solution will be considered, in order to provide the desired torque
increase. The gears will be located at the side where the locking pin is, as depicted in
Figure 4.5. The larger gear should have a bore equal to the diameter of the end-flange,
so it can be welded on it and provide the mechanical advantage to the upper pipe. The
smaller gear can be attached to the steel frame with a bearing support, beneath the
larger gear. A drive stem needs to be welded on the former gear for the rotary
operation.
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Figure 4.5: View of the frame with the incorporated gear set
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The input torque to the mechanism will be provided by a ROV operated subsea torque
tool. A ROV bucket will be incorporated with the bearing support in alignment with
the small gear. The purpose of the bucket is to offer a socket where the torque tool can
be latched and secured on. The drive stem needs to be extended inside the bucket, so it
can be fitted in the tool’s reception and transmit the torque to the system.

4.3 Deployment procedure

The hypothesis is based on the fact that the frame is located in the desired location and
water depth, and is ready for deployment of the first concrete mattress. In addition, in
the present procedure presentation is assumed that the selfweight of the concrete
mattress tends to rotate the upper pipe in the anti-clockwise direction.

Step 1

The ROV approaches the frame towards the x-y plane (the plane is shown in Figure
4.2). It uses its thrusters to maneuver and carefully inserts the torque tool in the ROV
bucket. When the stem is completely fitted in the socket of the tool, the tool is latched
on the bucket and secured.

Step 2

The ROV is docked in the steel frame through the bucket. It starts incrementally
applying torque on the stem connected with the small gear. The pinion starts rotating
and transmitting the torque to the larger one, and with the present mechanical
advantage the value of the torque is multiplied.

Step 3

The torque extracted from the large gear has reached the value of the produced torque
due to the selfweight of the concrete mattress. The system is balanced. A slight
increase is then produced by the torque tool, so the torque “reaching” to the large gear
is greater now. Since this gear is welded on the end-pipe flange, the latter will slightly
rotate the upper pipe in the clockwise direction.

Step 4

The transverse load acting on the locking pin(s) is eliminated with the slight clockwise
rotation of the upper pipe. The ROV uses its 7-function arm to take out the locking
pin(s) while simultaneously holding the lifting arrangement (lower, upper pipe and the
mattress) by applying the same torque value.
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Step 5

The ROV starts gradually decreasing the torque applied on the system. As result, the
lower pipe with the mattress starts lowering towards the seabed. When the mattress has
reached to the desired depth of deployment, the ROV applies the torque value needed
to keep the mattress stable. Then the vessel (or the crane) moves the frame towards the
desired direction of deployment, while at the same time the ROV reduces the produced
torque in order to lay the mattress on the seabed. When the laying has been completed,
the output torque of the tool should be zero and the rope loops of the mattress are
released from the hooks of the lower pipe. It should be noted that at this point of the
study, it is assumed that the releasement is done by a second ROV unit. Some
recommendations and future work tasks in regards this topic, will be given in the last
chapter.

Step 6

The ROV produces torque in the clockwise direction and the steel wires start reeling
again onto the drum, and therefore lifting the spreader beam at the same time. When
the spreader beam has been recovered to its initial position, the ROV inserts the
locking pin in the end-flange and secures the system. Ultimately, it disengages the
torque tool and is ready to move on to the next cassette.

’ _»L | |_.:4 -
Figure 4.6: Procedure of lowering the mattress (only for illustration purposes)
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Figure 4.7: The process of laying the concrete mattresses on a pipeline (only for illustration
purposes)

4.4 Selection of parameters and assumptions

Despite the fact that the multi-handling mechanism was thoroughly described, there
are still several design and operational aspects that have to be studied further.
However, these issues are addressed with rational assumptions due to the time
limitations a thesis work has. Moreover, in this section some remaining critical
parameters with respect to design will be selected, so the analyses can follow later on.

Selection of critical parameters

1.

It is decided that the optimum number of mattresses to be handled is six. The
operation should be rigger friendly and adding more pieces would result to a
large and no easily manageable structure.

The selected dimensions of the concrete mattress are 6m x 3m x 0.30m, and
the value of weight is 7.13 Te in air, whilst the submerged weight is 4.2 Te, as
given by the supplier (Appendix A.2).

The minimum base-design dimensions for the frame are defined: height is
expected to be 3m and the length (longitudinal directions) 6m, whereas the
width is governed by the thickness of the mattresses, namely for six
mattresses the width is 6 x 0.30m=1.80m. Undoubtedly, these dimensions will
be increased as the cassette sections and some necessary clearances need to be
accounted.

The number of hook points in the lower pipe is 12, as the number of the rope
loops of the concrete mattress are.
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5. The maximum width of a regular size truck in Europe is 2.60 m [37]. Due to
the desired mobility of the frame its maximum width is selected as 2.55 m.

6. In the present piece of work the 1SO 13628-8:2006 ROV standard will be
used as reference for determining the ROV torque tool and interface
dimensions.

7. The class 4 ROV rotary torque receptacle will be the design scenario for the
purposes of this thesis. After discussions with Subsea 7 installation engineers
with high offshore experience in ROV work tasks and with engineers from the
ROV department, it was decided to target a ROV torque tool with class 4
interface, for providing torque to the handling mechanism. The explanation is
that class 4 ROVs torque tools are widely used in most of the subsea
operations, and most vessels doing offshore campaigns have usually one or
more on-board. They are relatively flexible and have a good balance of high
operability and load carrying capacity. On the other hand, for instance, class 7
tools are used in specific project tasks, are rugged, heavier, take more time to
be employed and naturally are costlier. The geometry of the class 4 interface
is shown in Appendix A.3.

8. Through the comparison of the different type of gears in Chapter 3, it is
decided to design a spur gearset for the purposes of the present thesis. Spur
gears are the simplest type in gear manufacturing, have a great efficiency ratio
and do not impose great radial forces on the bearings. Their main
disadvantage is their noise while in operation. However, this is not an issue
for the living marine environment as the frame is not a permanent subsea
structure.

Assumptions

= The lift is assumed to be handled with an active heave compensation
technique by the vessel crane, in order to minimize the dynamics loads
transferred to the crane and keeping the frame as stable as possible.

= The distance between two consecutive rope loops of the mattress is assumed
to approximately be 0.45 m. Each manufacturer sets its own values for this
distance and a specific figure comprising the major suppliers cannot be
provided.
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The clearance between the upper and the lower pipe is assumed to be 0.30 m.
A relatively small figure is assumed in order to eliminate dynamic phenomena
that would rise due to hanging effects.

The upper pipe is longer than the lower pipe, as some clearance on each side
is added. This clearance is assumed to be 0.10 m on each side.

As longs as the mattress has been lowered just out from the frame, the
distance covered to that point is equal to its height, namely 3 m. For safety
purposes a clearance is required between the mattress and the pipeline, where
this distance is assumed to be 5 m. Consequently, is extracted that prior to
deployment the frame will be located at least 3+5=8 m above the sea bottom.
This figure is the total distance that need to be covered by the steel wires
reeled on the upper pipe.

During deployment of the first mattress there will be a slight shift in the
Center of Gravity (CoG) of the whole frame. It is assumed that because of the
robust 4-point lifting arrangement lifting the whole structure, there is adequate
structural integrity. In addition, the next mattress to be deployed will be the
one in the opposite site, so the loading remains symmetric. The installation of
the rest mattresses will be performed likewise. Therefore, the shift of CoG can
be neglected.

They exist similar steel frames performing other type of works tasks in the
market, so a rough estimate can be done for the total weight of the frame
loaded with six concrete mattresses.

The frame weight is around 10 and adding six mattresses, 6x7.13Te=42.78Te,
results in a total weight of 10 Te +42.78 Te=52.78 Te.

In the spur gear design, a reasonable efficiency of n=0.95 is assumed in the
power transmission.

The gears are assumed to be accommodated in a casing arrangement, such as

a template, in order to be protected by debris, fish etc. Also, lubrication and
maintenance of the gears will not be discussed in the present work.
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4.5 Potential savings by the multi-deployment frame

The frame geometry is intended to follow a standard container size and thus be capable
of transported with regular size trucks from the manufacture facilities to the
mobilization site. As result, the easy transportable unit can support global applications
in a short amount of time.

Moreover, the load-in procedure followed to date, utilizes a special lifting component,
the speed loader, which can lift 3-5 mattresses in a simple lift and stack them onboard.
The maximum number of stacked mattresses is approximately 6-10 pieces. In contrary,
the new concept eliminates the use of the speed loader, as the frame with its 6
mattresses is loaded directly onboard as a simple “cage”. According to installation
engineers, the latter could reduce the mobilization time up to 20 minutes per mattress.
Furthermore, many frames units can be stacked on top of other, saving both vessel
space and time.

In addition, the seafastening of the object is expected to be a more standardized and
time-effective procedure. Now, the most common ways of seafastening stacks of
mattresses is with straps that end to padeyes, or bumper bars welded on the deck. Both
operations are time consuming, require a lot of welding consumable and require large
proportions of the deck space. With the new proposed concept deck space, vessel time
and welding material can be saved.

The installation of concrete mattresses on the seabed is expected to be on high
demand, and the single deployment tools available on the market will be inadequate to
install large numbers of mattresses in a profitable time frame. For instance, let us
consider a project that requires 24 concrete mattresses to be installed at 3,000 m water
depth (ultra-deep water). Some rational assumptions are made:

= Only the lowering of the mattress and the recovery of the winch are considered.
The detailed releasement of the mattress on the seabed is not accounted.

= The hoisting speed of the crane wire loaded with a single mattress is roughly 15
m per minute (deployment speed).

= The hoisting speed of the crane wire without lifting an object is roughly 50 m
per minute (recovery speed).

Therefore, the approximate installation time of one mattress is:

3000m  3000m

+
15n%nin 50rT%nin

— 260 min Or 4.33 hours
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The total installation time for all products is hence 260 min x 24=6,240 min or 104
hours.

For the multi-deployment frame, the lowering and recovering speeds can be assumed
half of the respective ones during installation of one mattress. Therefore:

3000m 3000m

+
7'5r%nin 25r%ﬂn

Nevertheless, since the frame lowers six mattresses it will take four lifts to transfer 24
mattresses at the seabed, resulting in a total deployment time of: 520 min x 4=2,080
min or 34.67 hours. This is a reduction of approximately 66% compared to single-
lifting tools, interpreted in reduced vessel time. For a vessel with a daily book rate of
USD $150,000 [38], the first case would cost USD $650,000, whereas with the multi-
deployment frame it would cost USD $216,680. So, it is obvious that lowering six
mattresses instead of one will significantly decrease the installation time and increase
the potential savings for the installation company.

—520min Or 8.67 hours

In the course of deployment of the concrete mattresses on the seabed, most of the
available on the market installation frames/beams rest on the concrete mattress after
releasement so the ROV to cut the ropes for full detachment. In such operation, special
attention should be given in the pipeline integrity with the added weight on top of it.
However, with the proposed concept proposed, the installation will be done with the
mattresses being in a vertical position and laid as the frame moves forwards. In such
way, the frame will never be in contact with the released mattress and will not apply
extra weight on the pipeline. Moreover, the mattress can be placed on the desired
location with an extra accuracy. The latter enhances the capability of the mattresses to
be used as foundation support of subsea structures and pipeline crossings.
Consequently, the installation frame considered on the present thesis is deemed
suitable for both pipeline protection and foundation support projects.
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Chapter 5
Basis of design

The various engineering calculations and checks performed in the present thesis work
are based on the principles from well-established standards and regulations, widely
used across the oil and gas industry. The main standards used are Eurocode 3, ISO, the
AGMA, NORSOK and DNV-GL standards. A continuous effort has been made to be
consistent and simultaneously choose the right applicable standard on each engineering
stage. Internal Subsea 7 engineering standards and technical documentation based on
the international and national standards have been used in addition to them, as they
offer a more practical point of view in some cases.

5.1 Units and material/sectional properties

The fundamental units that are used in the calculations and in the computer tools, are
the following Sl unites (or multiples of):

— Length: meter [m]
— Mass: kilogram [kg]
— Time:  second [s]

The steel quality that is used is considered according to the yield and tensile strength
values of table 3.1 in EN 1993-1-1:2005 [40] and the sections are chosen by European
databases of cross sections. It is considered that the nominal thickness of all elements
is below 40 mm, so the basic values of the material properties are:

— Steel grade: S355

— Yield strength: f, =355 N/mm?

— Ultimate strength: fu =490 N/mm?

— Density: p =7,850kg/m3

— Modulus of elasticity: E =210,000 N/mm?
— Poisson ration: v =0.30

— Shear modulus: G =81,000 N/mm?

When a different steel grade, or material is used it will be mentioned accordingly,
alongside with its properties.
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5.2 LRFD method and limit state

The Load and Resistance Factor Design (LRFD) method is applied on the design of the
structural members as defined in DNV-GL standards [41]. The LRFD method uses
partial factors to measure the uncertainty both in the loads applied on the structure and
the resistance of the materials. The characteristic expression that defines the method
is:

S q s R q (5.1)
Where:
S i - The design load effect.
ROI = The design resistance.

When expression (5.1) is fulfilled, the level of safety is considered satisfactory. The
design load is calculated if the characteristic load is multiplied with a load factor vy,
while the characteristic resistance is divided by a material factor ym.

The equality Sq = Rq defines a limit state, more specifically a condition where the
structure or a part of it no longer fulfills its design criteria.

The design load effect (e.g. stress, mooring line load, sling load etc.) originates from
the most unfavorable combination of design loads, so:

Sy = S(FuuFan) (5.2)

Where:
S¢ = design load effect

Fa = design load(s)
S =load effect function

According to DNV [41] there exist four limit states, which are presented in Table 5.1,
with ULS being the design basis of the current work. Therefore, all members of the
installation frame must meet the requirements set by the ULS limit state, namely
maintain their level of safety without:

Loss of structural resistance (excessive yielding and buckling).

Failure of components due to brittle fracture.

Loss of static equilibrium of the structure, or critical parts of the structure.
Failure of critical components of the structure caused by exceeding the
ultimate resistance (in some cases reduced by repeated loads) or the ultimate
deformation of the components.
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e Transformation of the structure into a mechanism (collapse or excessive
deformation).

Table 5.1: Design limit states [42]

Limit State Description

Ultimate Limit State (ULS) Involves the structural integrity or strength,
as such the structure is designed to have a
very low probability of reaching this limit
state since the consequences are severe

Fatigue Limit State (FLS) Involves the fatigue damage resulting from
cyclic  dynamic  loads  accumulated
throughout its life. The structure is designed
such that its life, accounting for fatigue
damage from all sources, meets or exceeds
the design life

Relates the damage of the components due
Accidental Limit State (ALS) to an accidental event or operational failure

Corresponds to the disruption of use of the

Serviceability Limit State (SLS) structure as intended

5.3 Load and material factors

While performing an analysis of ULS, there are two sets of load combinations that
shall be considered when designing under combined loads [41]. The condition
resulting in the most unfavorable design load effect must be considered. The values of
the load factors can be seen in Table 5.2.

The analyses carried out in this work are linear elastic analyses, unless otherwise
specified. The permanent loads, namely the selfweight of the components, dominate
the structural analysis. The environmental loads exerted on the structure, and chiefly
the hydrodynamic forces, including dynamic effects and uncertainties, will be
considered by introducing relevant load factors. These factors will multiply the static
loads, and in such way a more realistic approach of the real loads induced in the
structure is obtained. Consequently, the design combination of the present work will be
the ULS (a), where the permanent loads (selfweight) are multiplied by a factor of 1.30
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Table 5.2: Load factors y for ULS [41]

Combination of Load categories
design loads
G Q E D
(@) 1.30 1.30 0.70 1.00
(b) 1.00 1.00 1.30 1.00

The load categories are:

G = permanent load

Q = variable functional load
E = environmental load

D = deformation load

The material factor can be determined by both Eurocode 3 [40] and NORSOK N-004
[43], while DNV [44] suggests using the former for non-tubular steel members and the
latter for tubular ones. A comparison of the values of the factors is shown in Table 5.3,
with the presented partial factors of EN 1993-1-1:2005 taken in accordance to the
Norwegian Annex.

NORSOK N-004 accounts the hydrostatic pressure differences which can buckle the
structural components and therefore is considered more applicable to offshore steel
structures. However, if perforated tubular sections are used and the water floods inside
when subsea, the pressure difference is insignificant and can be ignored. Moreover, the
basic formulas used in both codes are similar with only exception the interaction
formulas for buckling (which will not be considered), Eurocode 3 may be considered
equivalently applicable for the design that will follow.

Table 5.3: Material factors according to EC3 [40] and NORSOK N-004 [43]

EC3 NORSOK
NA 6.1 N-004: 6.3

Resistance of all cross sections YMO 1.05 1.15
Resistance of members to instability — ym: 1.05 1.15
Axial tensile resistance to fracture Y™m2 1.25 1.30
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5.4 Load factors in marine lifting operations

The deployment of the frame and the releasement of the concrete mattresses involve
lifting these objects and lowering them near the seabed. When planning an offshore lift
there are some important aspects and load factors to be reviewed before the lifting is
performed. In this piece of work the lifting involved in the handling mechanism will be
the main area of concern with reference to DNV [44].

Dynamic Amplification Factor, DAF

DAF is a factor accounting for the global dynamic effects that naturally experienced
during marine lifting operations. When an object is lifted through the splash zone it
will experience hydrodynamic loads. The hydrodynamic loads will be a function of
slamming impact forces, buoyancy forces, drag and inertia loads. The factor multiplies
the deflections or stresses caused by static loading conditions to incorporate these
dynamic phenomena experienced by the structural system.

Fo=F

total — T static

DAF

— DAF — I:total (5-3)

static

Where:  Fotal Fstatic + den

Static loads

Fstatic

Fayn Dynamic loads (such as hydrodynamic, snap loads etc.)

Therefore, in the present work, the total load applied on the members of the structure,
incorporating hydrodynamic, inertia and static forces, it is assumed is the selfweight
multiplied by DAF. The parameters influencing DAF could be [45]:

Environmental conditions.

Rigging arrangement.

Type of crane vessel.

Stiffness of crane-boom and lifting appliances.

Type of cargo vessel.

Weight and shape of lifted object.

Lifting procedure.

Whether the lift takes place in air, in water or through both.

The object should, as a general rule of thumb, not be installed in a sea state that will
give snap loads in the main hoisting wire. The DAF value cannot be less than 1.0. For
lifts where there is no slack in the main lifting wire the DAF cannot be higher than 2.0
(slack sling criteria) [45]. The DAF factors are drawn from the DNV standard and
presented in Table 5.4.
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Table 5.4: DAF values in air [44]

Static Hook Load DAF
(SHL) [Te] Onshore Inshore Offshore
/100 /100
3 <SHL< 100 1.10 1.07+0.05 AHL 1.07+0.25 AHL
100 <SHL< 300 1.05 1.12 1.25
300 <SHL< 1000 1.05 1.10 1.20
1000 <SHL< 2500 1.03 1.08 1.15
SHL>2500 1.03 1.05 1.10

Where the SHL is defined as the static force exerted downwards on the hook by the
lifted object [44]. More specifically:

SHL =W +W,

rigging

+F, [Te] (5.4)

Where:
W = The upper bound design weight of the lifted object [Te]
Wrigging = The weight of the rigging equipment [Te]
Fsp = Forces due to special loads (e.g. friction loads) [Te]
The frame with the mattresses is approximated to weight 52.78 Te, whereas the weight

of the rigging equipment and special loads can be neglected. So,

SHL, . =52.78 Te

frame

According to Table 5.4 the DAF values for this structure is:

_ 100
DAF,,  =1.07+0.25 j SHL,
_ 100
= DAF, ., _1.07+o.25,/ %5 15

= DAF, .. =141

frame

However, when a subsea lift is considered, according to DNV GL the worst realistic
scenario, DAF should be taken, which proposes DAF=2. This value will be adopted
during extreme design of the structural members.
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Weight contingency factor, ycont

The weight of the concrete mattress is usually measured and provided by the
manufacturer on site, as inaccuracies are possible. This issue is encountered in most of
the objects as the exact weight is determined if and only if after the object has been
constructed and tested. Therefore, in lifting application a factor that increases the
weight due to the uncertainties is introduced. According to [45] the following values
can be applied, unless otherwise specified:

Table 5.5: Values of ycon according to [45]
Preliminary  Very detailed Detailed Exact

concept drawing 3D model measured
phase weight!
Yeont 1.15 1.07 1.05 1.03

Since, this work refers to a conceptual phase a weight contingency factor of 1.15 is
selected.

CoG shift factor, ycoc

To have a level lift of an object the crane hook point is placed on top of the CoG of the
structure. A flat lift is desired in order to avoid tilting or/and twisting of the lifting
slings. However, in complex geometries there are uncertainties about the exact location
of CoG position and thus one point of the sling arrangement may be in closer distance
to CoG from another point. As result, these uncertainties are accounted with the CoG
shift factor included in the design loads, which normally is greater or equal to 1.05
[44]. The latter figure is selected for the purposes of the current study.

Skew load factor, ysk

The skew load factor refers to additional loading caused by fabrication tolerances and
inaccuracies of the slings and the lifted object, asymmetries, crane hook geometry,
multi-hook lifting, differences in sling elongations and generally by unevenly
distribution of the loads to the rigging arrangement [44]. Practically slings are
fabricated within a tolerance. This tolerance on length has a direct impact on final
geometry of the lift, tilt angle and load distribution in the slings. It should be noted that
the mattress’ polypropylene rope loops holding its selfweight, are attached to 12 hook
points and the inaccuracies and uncertainties of the ropes can be neglected. As result,
the skew load factor can be taken as unity.

! When the weight is measured this factor is acceptable as long as the inaccuracy is within 3%.
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Load factor, yr

The load factor inserts the uncertainties involved with the various loads applied on the
structure. The load factor is defined by the ULS limit state and will be 1.30 throughout
the current work.

Consequence factor, ycons

The consequence factor measures the importance of the operation and the potential
effects if a failure occurs. The members supporting the lifting should be considered
under more sever loading as any loss of the lifting capacity will yield disastrous
consequences for the whole structure. As result, the lifting equipment has a high
consequence factor of 1.30, the components carrying the lifting points a more
moderate of 1.15 and the parts that do not participate in lifting have a unity
consequence factor [44]. As the main scope of this work is the design of the
components carrying the lifting points a consequence factor of 1.15 is sufficient.

5.5 Presentation of results

The demonstration of the structural integrity of the installation frame will be carried
out with unity checks and presented as utilization ratios (UR), establishing an easy and
simple way to directly depict if a component fails or not. The utilization ratio is
defined as:

performance value of the load effect

UR =

maximum allowable performance value —

The UR must always be lower than unity in order the component to pass the check. For
instance, if the bending moment of a component due to external loading is 100 kNm
and the allowable bending moment is 200 kNm, then the member passes the check, as
UR=100/200=0.50<I1.

5.6 Structural checks

The assessment of the structural integrity of the components of the multi-deployment
mechanism will be carried out in accordance to EN 1993-1-1:2005 [40], which
evaluates the resistance of the cross-section. The standard states that: “The design
value of an action effect in each cross section shall not exceed the corresponding
design resistance and if several action effects act simultaneously the combined effect
shall not exceed the resistance for that combination”, videlicet, it provides formulas to
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calculate the cross-section resistance and compare it with the load effect(s). The
comparison is performed with the unity check.

Initially, the standard categorizes the cross-sections in four classes depending on their
rotation capacity, which enables them to form plastic hinges and redistribute the
developed bending moments. The fraction of the rotation capacity and resistance is set
by the local buckling resistance of the cross-section. The classification is done with
reference to Table 15 of the standard, where the parts of the cross section subject to
compression govern the class selection. In a simplified way, class 1 possess the higher
rotation capacity, whilst as the class increases the capacity reduces.

Thereafter, clause 6.2 of EN 1993-1-1:2005 comprises the effective interaction
equations to evaluate the resistance of the cross-section against particular action affects
and combinations of them. The cross-sectional resistance due to the following effects
IS checked:

= Tension

= Compression

= Bending moment (and bi-axial bending)
= Shear

= Torsion

* Bending and shear

» Bending and axial force

= Bending, shear and axial force

Clause 6.2.7 studies the members subjected to torsion, and since the upper pipe of the
handling arrangement exhibits torsional effects some discussion of the clause is
needed. The code performs the unity check wherein accounts the summation of St.
Venant torsion and warping torsional moments as the characteristic design torsion,
which thereupon is compared with the torsional resistance of the cross section.
However, the torsion effect is a complex phenomenon governed by the section
properties, the boundary conditions at the supports and the load distribution along the
component. The standards provides the option for an elastic (and more conservative)
verification criterion:

2 2 2
fo-x,Ed + fo-z,Ed . fo_x,Ed fax,Ed + 3 f TEd < 1
o) \ o) o ) )
¥ mo Y mo 7mo Y mo 7mo
Where:

ox,Ed = deign value of the longitudinal stress at the point of consideration

(5.5)

o, gq = design value of the transverse stress at the point of consideration

tgq = deign value of the shear stress at the point of consideration
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The elastic criterion, and all structural checks mentioned above will be used in the
design of the lower and upper pipe of the handling mechanism. If a member fails in
any of the checks, a further investigation is conducted. It should be noted that since
axial forces are not present in lifting arrangement, buckling effects will not be studied.

5.7 Software engineering and design tools

The structural checks are performed with the Finite Element software Staad.Pro V8i
[46], which is a widely used structural engineering programme across the industry. The
pipes that will lift on the concrete mattress can be designed in the software as no
complicated geometry is involved. After the nodes of the components have been
defined the various members are formed with beam elements, which are given section
and material properties. Then, Staad.Pro can analyze the complex in static, dynamic,
modal and various other analyses by calculating deformations, internal forces and
stresses. One of the biggest advantages of the software is that performs the structural
checks as per several international standards, including EN 1993-1-1:2005. So, the
members are subjected to structural checks as they were described in section 5.5, and
the programme visualizes if a member passes the check or no with the unity check.

Where complex geometry and nonlinearities are involved the mechanics of the
structure need a more comprehensive analysis. For this purpose, the FE analysis
software ANSYS Workbench [47] is utilized. ANSYS can simulate complex
geometries and material nonlinearities and perform structural, dynamic,
electromagnetic and various other analyses. It utilizes a wide range of powerful solvers
based on the physics of the defined problem (ANSYS Manual). The advantage to
design the components in Computer Aid Design (CAD) software and then import it to
ANSYS makes it user friendly and time-effective. The output is usually stresses and
deformations, which can be checked with the respective allowable ones from the
standards.

As discussed before, the handling mechanism will incorporate a set of gear to increase
the required torque of the ROV torque. Despite there are several different types of
gears (which are discussed in Chapter 3), every gear set will have a challenging and
complex geometry, especially in the case of involute teeth shape, such is the design
case of the thesis. Therefore, the Autodesk Inventor 2015 [48] software is used to
design the exact geometry of the gears, as the programme has a specific gear generator
tool. Inventor is capable of 2D and 3D geometry integration in a single environment,
allows the user to create a component and then validate its form, function and
operation before manufacturing (Wikipedia, Inventor). The generated parts can be
exported and used in other software for further analysis, such as ANSYS.
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Chapter 6
Design phase

Static lift on air in combination with the load, material and lifting factors will be the
ground of the analysis. The two main components of the multi-handling mechanism
are the lower and upper pipe of each cassette section. The lower pipe lifts the concrete
mattress, while the upper one supports the former through slings and is also free to
rotate in order to perform the deployment. This section focuses on the design of the
two pipes in the ULS condition, with the performed calculations executed on
Staad.Pro, which are complemented with hand calculation where necessary. Two load
cases will be in the sphere of interest of this thesis, which includes design and
dimensioning due to extreme load conditions and the operational phase.

6.1 Input data

The global analysis and code check are done with reference to EN 1993-1-1:2005 [40]
and with the Staad.Pro parameters as viewed in Table 6.1.

Table 6.1: Parameters used in STAAD.Pro

Parameter Selection
Resistance of cross-sections - ymo GMO 1.15
Resistance of cross-sections - ymt GM1 1.15

Steel grade according to Table 3.1 of the ]
EN 1993-1-1:2005 SGR (2) - S355 grade steel

(2) - Include torsion
Torsion Check TOR (detailed checks using
warping effects)
TRACK (2) — Output detailed
results

Output details

The first two sections of Table 6.1 refer to material factors of the members. In the NA
of the EN 1993-1-1:2005 the first partial factors are equal to 1.05, as shown on
paragraph 5. However, this figure is lower than the value set by DNV ST-N001, and a
value of 1.15 by enabling the GMO0 and GM1 commands of the programme.
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Additionally, the torsion check is important to be inserted, as it will allow the software
to implement the elastic yield criterion in equation 5.5 of EN 1993-1-1:2005, on a
critical point of the cross section. While selecting parameter 2 the programme will
perform the elastic verification of cross sectional resistance regardless the existence or
non-existence of torsion implementing equation (4.1), provided in section 5.5.

6.2 Load case 1: Lift in air

The weight of a typical concrete mattress is 7.13 Te and is distributed in 12 points. So:

£ My -9 _ 7.13-9.81
mat 12 12

= F,., =5.83kN
The following load factors are selected:
Load factor: v¢ =130
DAF factor: Yeons = 2.00

Weight contingency factor:  ycont =1.15

CoG shift factor: vcoc =1.05
Consequence factor: Yeons = 1.15
Total load factor: Yot = 3.62

Therefore, the applied force on each hook point is:

Froo = Frag *7ioe =5.83-3.62=21.10 kN

6.2.1 Lower pipe

The minimum dimensions of the frame are defined by the respective dimensions of the
concrete mattress, namely 6m x 3m x 1.80m. The pipe is supported with slings reeled
on the upper pipe through shackles attached to padeyes. The slings are considered pin-
supported on the upper pipe and are modelled as truss members (axial-only members)
with sufficient resistance to carry the loads, as the main interest is in dimensioning the
pipe. Also, week springs with negligible effect on the structural response are inserted
at both ends of the beam, in order to overcome any instability issues,
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The mattress has 12 rope loops with maximum length of 0.30 m made of 20-25 mm
thick polypropylene rope. According to these figures the hook points will be located as
viewed in Figure 6.1. The total length of the lower pipe will be 6.11 m. Thereupon, the
pipe is modelled in Staad.Pro according to the design basis of Chapter 5 hereof.

Lower pipe Sling

AT N
e 2

047m 0.47m 0.47m Hook points

3x0.47m=1.41m

12 hooking poir‘1ts%13 segments

13 x 0.47m=6.11m

Figure 6.1: Geometry of the lower pipe and its model at Staad.Pro

With the trial and error method and an engineering intuition with respect to the
structural checks done by Staad.Pro according to EN 1993-1-1:2005, a Circular
Hollow Section CHS 139.7x8 is chosen with URmax = 0.61, as shown in the below
sketch.

0.566 0.604 0.566

The reaction sling forces are depicted in the next sketch and will be used for the design
of the upper pipe.
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— 5000 N =0.000 kKN
=130.294 kN = 130.234 kN
= 0.000 kN
X = FREE
Y = FREE
7 - FREE

6.2.2 Upper pipe

The external loading applied on the upper pipe will be the reaction forces of the slings,
as obtained from the analysis of the lower pipe. The load and lift factors will not be
multiplied with these forces as the associated uncertainties have already been involved,
with the selfweight of the upper pipe being the only exception. The length of the
rotating tube is equal to the length of the lower pipe in addition to some clearance on
each side that will is added. This clearance has assumed to be 0.10 m on each side, and
the pipe is considered as pinned connected to the padeye incorporated with the main
frame, as revealed on Figure 6.2. The modelling and loads of this case are shown in
next sketch. The forces are applied at the circumference of the pipe in a distance equal
to the pipe radius, in order to adequately capture the torsion that is induced on the pipe
by the slings.

I13[].3[J[J kN I13[].3[][] kN

S 1.97m 329 m 1.91 ma,

Figure 6.2: Illustration of different pipe lengths

Through the analysis is extracted that the use of a CHS 219.1x20 cross section that is
initially selected has an URmax = 1.41.
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The aim is to keep the diameter of the pipe as low as possible in order to reduce the
imposed torque. Therefore, it is decided to use a greater steel grade, namely S460 with
the option SGR=4 in Staad.Pro. The selected steel grade has the following properties:

— Steel grade: S460
— Yield strength: fy =460 N/mm?
— Ultimate strength: fu =540 N/mm?

As result, the pipe demonstrates a better structural behavior and an URmax = 0.90, as
pictured in the next sketch.

N 0.847 * 0.896 * 0.886 &,

6.3 Load case 2: Subsea lift

The geometry and the cross sections of the pipes that will be used to lift and deploy the
mattresses have been calculated in the precious sections. For the operational phase
though, the loads should be reviewed in order to get the input for the design of the
gears. During the operational phase the frame is located subsea and thus the submerged
weight of the concrete mattress should be used for the calculations, namely 4.20 Te.
Moreover, the DAF factor of 2.0 that was used during the design phase is quite an
extreme approach and the more realistic value should be applied. The new loads and
factors are presented below:

_ Mmat,sub g _ 4.20-9.81

Fratop = =3.43kN
o 12 12

The following load factors are selected:
Load factor: Yf.0p =1.30
DAF factor: YoArop =141

Weight contingency factor:  yconop =1.15

CoG shift factor: YcoGop =1.05
Consequence factor: Yeonsop = 1.05
Total load factor: Yiotop = 2.33
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Hence, the new force to be applied on each hook point is:

I:mat,op = I:mat,op " Yiot,0p

=3.43-2.33=7.989=8 kN

18.000 kN L8000 kN |8.000 kN|8.000 kN [8.000 kN|8.000 kN [8.000 kN|8.000 kN |8.000 kN|8.000 kN |8.000 kN{3.000 kN

141 m 3.29m 141 m

The series of analyses is run again to get the sling forces during installation phase, and
results to the reactions as presented in the next sketch (lower pipe-operational phase).

= 0.000 kN

=0.000 kN = 49.962 kN

=49.962 kN

As obtained from the analysis, the sling forces that will tend to rotate the upper pipe
while in operational phase are equal to Fsjingop = 49.96 kN, and will be used as a design
input for the torque introduced in the gearset. The design torque is calculated as:

T, =2F,,
Ed — sling,op 2 (56)
0.2191

=T, =2-49.62kN - =10.87 kNm

Where: ODypper = the diameter of the upper pipe

Page|82



Universitetet
LS i Stavanger subses 7

Chapter 7
Design of gears

7.1 Input data for the gear design

Herein, the input data will be presented, and additional parameters will be calculated
based on the output of the problem of the handling mechanism and the requirements
that have been set.

In the previous chapter it was calculated that the design torque of the handling
mechanism is Teq= 10.87 kKNm. The latter is produced by the selfweight of a single
concrete mattress in the operational phase and thus will be induced in the gear that will
be attached on the flange of the upper pipe. Therefore, the gear must have at least a
torque output of the above magnitude, which will be denoted as T» from now onwards.

The ROV torque tool that will rotate the pinion to provide the required torque is a class
4 tool, as has been set in the requirements. This tool can produce up to 2.711 kNm of
torque at a maximum speed of 40 rpm. These values are symbolized as T1 and n1 now
onwards. It should be noted that the magnitude of the speed was provided by Subsea 7
ROV specialists.

The size of the gear governs the actual size of the gearset. The installation frame is set
as requirement to be fitted on a standard truck size, in order to simplify and standardize
the procedure. The length can be flexible, as commercial trucks can have long trailers
up to 12 m. However, the maximum dimensions of height and width are 4 m and 2.55
m, respectively [37]. Therefore, it is set that the maximum gear size is 0.35 m and a
clearance between the gears of 0.08 m, as pictures in Figure 7.1. The calculations
result in a total width of: 6 x 0.35m+5 x 0.08m=2.50 m, which is considered as a
maximum boundary for the breadth of the structure.

©O0000

0.08 m

2.50m —>

Figure 7.1: Dimensions for the spur gear design
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The following table includes the input data.

Table 7.1: Input data for gear design

Parameter

Value Units
Torque of ROV T,
torque tool 2.7111 KNm
Torque on the gear T, 10.87 KNm
Required torque
ratio T.reg = T, 1087 4.01 ]

T 271

Speed of ROV Ny 40 rpm
torque tool
Maximum speed of N2, max n = Mopm e _ 40 =0.88 rpm
the gear ame Ny 4.01
Maximum power
e pinien P1,max P, =0.1047-40-2.711=11.35 kW
Maximum power P2, max P2max=0.95-11.35=10.78 kW
on the gear
Maximum outside amax 0.35 m

gear diameter

7.2 Speed of deployment

The maximum speed of the gear can be 9.88 rpm, however as more conservative speed
is considered, namely 9 rpm. In one rotation of the gear it is unreeled a length wire S:

0.2191
V2

S=27_—_Pr* _» =0.688m

The total deployment height is 8m (section 4.4), so the rotations needed to deploy the
mattress, Ndepl, are:

__8 =11.6rpm

N, =
“l " 0.688

Therefore, the lowering time of one mattress to the seabed, tepl, Is:
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N
(= 1160 (1 min and 17 sec)
depl 9 9

The lowering speed is considered relatively high and is satisfactory to procced in the
design phase.

7.3 Generation of gears with Inventor

Autodesk Inventor is a 3D design, modelling and simulation tool, in which the user can
design complex mechanical assemblies, and simultaneously test the porotype products
with the software’s build-in stress analysis and dynamic motion simulation tools. The
key features of Inventor are its vast design capabilities, as it offers tabs to draft and
calculate the strength of mechanical components such as bearings, shafts, gears (spur,
bevel, worm), splines, keys, brakes and plenty more. The spur gear component
generator (see Appendix C) will stand as the main gear design tool at the present thesis
work, as it is capable of calculating the complex geometries, the various factors,
applied forces, checking the dimensions and most significantly performs strength
checks according to the available standards (1ISO, AGMA).

Despite the fact Inventor 2015 uses ANSI/AGMA 2001-D04:2005 [33] standard for
the gear design, the differences with the ANSI/AGMA 2101-D04 standard that was
used to derive the stress equations, are negligible for the purposes of this study, and the
strength calculations are considered valid and accurate.

The design is carried out on an assembly file where the 3D model will be generated,
however the gears are also automatically separated in part files if they need special
modifications. The spur gears generator design guide assists the user to input the
desired geometric characteristics and based on them to calculate the remaining
geometry and tooth profile. For instance, if the target of the generator is to calculate
the module, m, and the number of teeth of the gears, N, the desired gear ratio (nt) and
center distance (C) must be inserted.

Also, the loads are identified by inserting the power and the speed of the pinion, and
the software calculates the respective values of the gear and the induced tooth forces.
Afterwards, the software offers a wide material library, with all desired properties on
screen (allowable bending stress, allowable contact stress etc.), in accordance to the
international standards, and the user can assign a material to both the pinion and the
gear.

The required factors involved in the strength checks are either calculated on inserted
by the user, and ultimately the allowable bending fatigue and contact stresses are
calculated, with the programme indicating if the design is permissible or not.
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A very significant feature is the precise generation of the tooth geometry in the
separate part files, as the produced gearset if modelled without absolute accuracy of
the teeth in favor of computational power. So, if the gear geometry is to be inserted
and analyzed in a FE software this procedure should be followed. Furthermore, the
strength checks and the various dimensions of the gears are extracted in an html file.

7.4 Spur gear design

In the current work the desired speed, torque, power, maximum gear size are known
and will be the input to the generator tool. The inserted values are illustrated in
Appendix C.1 alongside with the calculated forces and the safety factors on the left of
the interface. In Appendix C.2, the geometric characteristics of the gear are viewed.

7.4.1 Material of spur gears

The strongest available material is selected, namely 14NiCr18, a carburizing structural
steel, widely used in the automation, ship-building, aerospace industries, and
especially in gear and shaft design. The material properties are:

— Carburizing structural steel: 14NiCr18

— Yield strength: fy =885 N/mm?

— Ultimate strength: fu =1130 N/mm?
— Density: p =7,.850kg/m?

— Modulus of elasticity: E =206,000 N/mm?
— Poisson ration: v =0.30

— Allowable bending strength: f2"' = 483 N/mm?
— Allowable contact stress: falloweble = 1550 N/mm?

7.4.2 Geometry of spur gears

The input data for the geometry of the spur gears is:

— Outside diameter of gear: dag =0.336 m

— Speed of pinion: Nt =40rpm

— Torque of pinion: T1 =2.711KkNm
— Efficiency: n =095

— Gear ratio: nt =45

— Face width: F =0.05m
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7.4.3 Strength of spur gears

All the geometric characteristics of the gears, the load factors and the results of the
strength checks can be seen in the figures attached on Appendix C.2, as extracted from
Inventor. Herein, the strength calculations will be performed with the use of the
AGMA equations presented on Chapter 3. As the pinion is the most vulnerable part, all
calculations refer to it.

AGMA rooting bending stresses

The tangential force and the factors for the calculation of the bending stress as
extracted from Inventor are:

Table 7.2: AGMA factors for root bending stresses

Parameter Value
Wi 75305 N
Ko 1
Kv 1.014
Ks 1

F 50 mm
m 4 mm
KH 1.114
Ks 1

Y, 0.485

AGMA

So, the maximum root bending stress, o of the pinion is:

: 1 KyK
o M =W K K, K, ———H—F
b F-m Y,

= o"®MA =75305.1.1.014 .1L 11141
50-4 0.485

= o-:pGMA =877 N/mm?

The allowable bending stress for unity safety factor is:

allowable _ M =469.5 N/mm?

b.p 1-1-1

Page|87



Universitetet
LS i Stavanger subses 7

The utilization ratio due to bending stresses is:

AGMA

b 877
URI;AGMA = allowable = 469 5 :187
Gb,p .

AGMA surface contact stress

Table 7.3: AGMA factors for contact stresses

Parameter Value
Ze 191.7 (N/mm?)?
Wit 75305 N
Ko 1
Kv 1.014
Ks 1
F 50 mm
dw 4 mm
KH 1.114
ZB 1
Z 0.485

The maximum contact stress, O':‘fMA, is:

o-cp:ZE tKoK\‘/Ks KH ﬁ
’ F-d, Z

=0, =191.7\/75305-1-1.014-1-ﬁ- L

50-72 0.109
=0, = 2822.5 N/mm?

The allowable bending stress for unity safety factor is:

allowable __ Oup ZN ZW _ 1550 0.952-1
or S, Yy, 1 11

= oo " =1475.6 N/mm?

The utilization ratio due to contact stresses is:

AGMA

S 7 Y
UR?GMA = Gallowable = 1475 6

c.p

=195

Page|88



Universitetet
LS i Stavanger subses 7

A first interpretation of the UR indicates that the designed gearset will fail, with the
contact stresses on the pinion being the most severe response inducing possible pitting
of the teeth. However, the gear analysis is a rather complex procedure due to the nature
of the imposed loads on the teeth and the contact stresses, which involve high
nonlinearities and large magnitudes. These issues are treated with load factors in the
standards which use semi-empirical formulae. Nonetheless, estimating correct and
accurate factors is not straight forward and some uncertainties are present. In addition,
the involute tooth geometry is very complex and the standards make several
assumptions; for instance, AGMA assumes that the load is distributed in the whole
contact area of the face width, whereas 1SO applies the load at the tooth tip. So, it
becomes obvious that further investigation regarding the gear strength is needed. In the
next chapter, Chapter 8, a numerical analysis is carried out, with purpose to draw a
final conclusion about the gear design.
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Chapter 8
Verification of spur gears
strength via FEA

8.1 Introduction

Gear design and manufacturing is a relatively complex and rigorous science, as many
load factors and geometrical design parameters are involved. Even experienced and
skilled mechanical engineers find the process challenging, since the conventional
office practice utilizes standards and practices to select (sometimes even assume) a
large number of parameters, resulting to time demanding and repetitive job.

Despite the extensive ongoing research on gar design in aspects of their efficiency,
operational quality and durability [49], still some obstacles do exist in the accurate
calculation of root bending and contact stresses of the spur gears due to the semi-
empirical nature of the formulas provided by the standards. Both type of stresses
depend on the complex involute tooth geometry, with the contact of the teeth being
also a highly nonlinear phenomenon that introduces a maybe not insoluble, yet
laborious mathematical problem. Hence, the researchers’ attempt to overcome these
limitations is the utilization of the Finite Element Method (FEM), to accurately extract
and assess the stress-state of gears [49-57]

8.2 Reasons requiring a verification via FEA

The AGMA standard is used in the present work to calculate the gear stresses, and the
results revealed that the design conducted in Chapter 7 suggests failure. However, as
has been discussed there are many complex geometry issues that the standard deals
with empirical approaches, whereas the calculation of the various factors is rather
challenging. The aforementioned amplify the conclusion that the strength calculations
according to AGMA are rough estimations and not precise. The load in AGMA is
assumed to be uniformly distributed along the line of contact, while this is not the real
phenomenon as the meshing stiffness of the teeth pair dominates and defines the
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critical load points [57]. The results for the equivalent bending stress at the tooth root
are not satisfactory and a FEA should be considered. Most of the findings in the
literature confirm that the FEM can be the most accurate and precise tool to establish
the root bending stresses [52]. This is also enhanced by some authors [49, 50, 52, 57]
that have observed big deviations in the contact stresses when compared to numerical
ones.

Moreover, despite the indications for failure according to the standards, gear have
been manufactured and do operate successfully. | should be also noted that there have
been some mistakes in how Inventor calculates the provided factors and especially the
geometry factor. The issue has been acknowledged by mechanical engineers in
Autodesk and is under investigation till the time of writing this thesis [58].

Consequently, it is rational and legitimate to conduct a 3D FEA to calculate the correct
stress-state of the gear design and conclude if this particular gear solution can procced
perhaps to the manufacturing phase.

8.3 Parameters of FEA

It has been discussed beforehand that when complex mechanics are involved the
required FEA will be carried out in Ansys software, and in particular in Ansys
Workbench R14.5. The steps of the numerical analysis have been developed in
reference with relevant research papers [58-50] and are described in the following
sections. The full report as extracted from Ansys is enclosed in Appendix D.

8.3.1 Model geometry

Traditionally, the design of the involute tooth shape by analytical means has been
considered cumbersome and time-consuming. Even the main illustration of the gears
by the Inventor spur gear generator yields some small interference, as seen in Figure
8.1.

[] L]

Figure 8.1: Interference observed in the output from Inventor spur gear generator
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The main reason is that the precise geometry would require large computational
resources and so a separate process has to be followed in order to get the desired tooth
shape. This is achieved by enabling the option “Export tooth shape” and design
accordingly the gear again. Afterwards, the inner rims of the gears are created to be
able to apply the boundary conditions needed for the analysis. The final gear geometry
and teeth shape are depicted in Figure 8.2. The file is saved with as .stp extension to be
imported to Ansys.

Figure 8.2: The final geometry of the spur gears and a zoom on the teeth shape

8.3.2 Mesh

Many series of analyses were carried out in order to set the right parameters that would
produce sensible and valid results in a reasonable time frame. The mesh is a dominant
parameter of the FEA, as the gear parts are relatively small mechanical parts and
furthermore one the desired outputs is the calculation of the highly nonlinear contact
stress in the teeth. A balance should be found between accurate and valid results and
computational resources. Herein, it is decided to have a general coarse mesh of the two
bodies as the area of interest are the two teeth in contact. That being the case, it is
decided to further refine the faces of the tooth in contact with the face sizing option of
Ansys. The maximum elements size was set at 0.2 mm.

The type of elements forming the gears is the 20-node SOLID 186, which exhibits
high order displacements of quadratic behavior. Each node has three transitional
degrees of freedom in the X, y, and z direction. The good performance of this type of
element comes with a cost in computational resources, as it composes a very large
model. The final model is made of around 289k nodes and 64k elements, and the
refined area is shown in Figure 8.3.
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Figure 8.3: Refined mesh of the teeth in contact

8.3.3 Contact

The contact region is defined as frictionless and only one tooth pair is selected to be in
contact, involving two faces (see Figure 8.3), as an analysis containing the study of
more pairs would be impossible due to computational power restrictions. The contact
elements of the pinion are CONTA 174 while the target face was assigned with
TARGE 170 elements. The normal contact stiffness factor is set to unity while the
penetrations tolerance is controlled by the software. The interface treatment is selected
as Adjust to Touch to capture the initial touch of the contact points, while Augmented
Lagrange in selected in order to reduce the sensitivity to the contact stiffness.

8.3.4 Boundary conditions

Torque with a value of 2.711 kNm (output from ROV torque tool) is applied in the
inner rim of the pinion in conjunction with a frictionless support so it allows a
tangential rotation, while the radial and axial deformations are restricted. The bore of
the gear is fixed, and all movements are constrained. In addition, a remote
displacement is applied on each side of both gears. The purpose to enable this remote
boundary conditions is to constrain the translational motion of the gears, so the values
of displacements in all three directions are set to zero, while the rotational direction is
unrestricted and able to simulate the accurate phenomenon.

8.3.5 Analysis settings

The direct solver of the programme is utilized, as suggested by the programme, while
all other parameters are set to default values.
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8.3.6 Solution

The equivalent (Von Mises) stresses are extracted in order to calculate the root
bending stresses, while the contact stresses are extracted as the pressure between the
contact interfaces.

8.4 Results and discussion of FEA

Generally, the maximum bending stresses occur at the middle face width of the root,
and the maximum contact stress is observed near the center of the contact curve. As
has been discussed, if the gears are made from the same material (as in this case) the
pinion will have the most critical response and will fail before the gear. Therefore,
only the results regarding the response of the pinion are demonstrated.

ime: L )
03.06.2018 17:41

1074,6 Max
955,21
835,81
716,41
597,01
477,61
358,21
238,81
119,41
0,0057436 Mj

Figure 8.4: Equivalent stresses for torque value of 2.711 kNm on the pinion bore

Figure 8.4 illustrates the equivalent state of stress of both gears. The maximum
equivalent stress occurs on the pinion and is equal to: ovm=1075 MPa. The FEM has a
very good state stress distribution and manages to capture a valid response, similarly to
findings of literature. The left side root fillet is under compression whilst the right side
exhibits tensile stresses. The latter are the highest stresses on the tooth root, and thus
are treated as the maximum root bending stresses of the pinion, and are equal to:
ovm, =946 MPa. If compared with the allowable nominal bending stress the UR is:

T _ 96 _ 1 o

UR)" = 483
Opp
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Figure 8.5: Above-The equivalent stresses on the root of the pinion, Below- A zoom in the
maximum stresses at the root tooth

The compressive stresses are 6% lower. The produced results confirm that the failure
due to bending stresses can lead to tearing of the root and finally to tooth breakage.
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Figure 8.6: Contact stresses of the pinion according to FEA

The maximum contact stresses are located exactly on the area in the middle of the
contact ellipse, as illustrated on Figure 8.6. This response is in good correspondence
with the findings from the literature, and the thinner the area of contact is, the results
are considered of higher quality. The maximum value is ocre=1352.5 MPa, and in
contrary to the results of the bending stresses though, the produced magnitude of the
contact stresses is considered unsatisfactory. This will be further elaborated in the
discussion in the next paragraph.

8.5 Comparison of AGMA and FEM results

A comparison between the stresses calculated with AGMA [33] and the produced
results from FEA is essential to extract a final conclusion. Table 8.1 summarizes the
calculated stresses.
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Table 8.1: Results of AGMA [33] calculations and FEA

Type of Calculation | Value Allowable UR Deviation

stress based on [MPa] value

Root AGMA 877 1.87

bending 469.5 7.5%

stresses FEA 946 2.01

Contact AGMA 2882.5 1.95

stresses 1475.6 52.82%
FEA 1352.5 0.92

A very good correspondence is noted between the AGMA and the FEA root bending
stresses, with the deviation being in acceptable limits. As shown, the solution
according to AGMA underestimates the root bending stress, with the latter being in
agreement with similar findings in the literature [52, 57]. The explanation is that
AGMA is based on the Lewis equation where he considers the involute profile as a
parabolic shaped beam in bending, and also neglects the stress concentration factors,
which are present at the root fillet of the tooth. Overall, the FE analysis captured
sufficiently the root bending stresses and can be considered as the most accurate
technique for a precise calculation.

On the other hand, the numerical results of the contact stresses fail to be considered as
valid. The value of FEA contact stress is very low and not in sensible engineering
limits. Indeed, most researchers [49, 52, 53, 57] argue that obtaining exact results of
contact stresses is practically unachievable due the vast computational resources that
are required. The high nonlinear contact area needs a great level of mesh refinement,
which was attempted in the present work, but failed because of the low computational
power available. Nevertheless, the analyses managed to, at least, capture the impact
phenomenon, as pictured in Figure 8.4.

In conclusion, the results of the AGMA equations and FEA, despite the fact that they
are not in full agreement, both indicate that the designed gear configuration is not
permissible. Both tooth breakage and pitting of the tooth material are possible due to
URs greater of unity, and the design should not proceed under these conditions.
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Chapter 9
New solution approach with
the use of different ROV tooling

In the previous Chapter is was clearly demonstrated that the designed gear
configuration will ultimately fail due to both excessive root bending and contact
stresses. The considered design, though, fulfilled the torque, speed and space
requirements. So, instead of consuming the majority of this work in the vast field of
gear design, another application is proposed by the author.

9.1 ROV torque tool multiplier

One of the desired conditions is decided to be modified, in particular the class of the
torque tool. After conducting a research on the market for ROV torque tools, it was
found that when very high values of torque are required on a class 4 interface, torque
tools multipliers are utilized. The torque multipliers usually incorporate an internal,
sophisticated planetary gear system which can offer up to 15:1 mechanical advantage.
The common practice it to use the multiplier alongside with class 4 tool, with the
combined assembly having a tool range from 2.711 KNm to 34 kNm. So, while the
input value is a class 4 interface, the multiplier provides outputs for class 5, 6 and 7. It
is manufactured with light-weighted materials and weights around 75 kg in air and 55
in water, so it can be handled relatively easy by the ROV. However, the total payload
of a ROV has limitations, so a good planning of the total tooling package it carries is
essential. A torque tool multiplier with its full characteristics can be viewed in
Appendix A.3, as provided by a ROV tooling company.

9.1.1 Lowering speed

Not all the capacity of the torque multiplier will be utilized. The required mechanical
advantage for the deployment of the concrete mattress is nrrq=4.01, so the lowering
speed to the seabed of a single mattress is the same as calculated in section 7.2, namely
1 min and 17 sec.
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9.2 New configuration of the handling mechanism

It is decided that the new interface will be a class 7 receptacle. In such way, both the
combination of the class 4 torque tool with the multiplier and a standalone class 7
torque tool (up to 34 KNm available) can be utilized.

Within the new approach is also selected to design a common panel with bores that
will act as the restriction support for all upper pipes, instead of designing six custom-
made padeyes. The panel is easier and simpler to be manufactured and installed, and
offers very good structural response.

The receptacle must be attached on a stable structure (the steel frame), in order to take
over the reaction forces, which are produced during the rotation of the tool. Also, the
ROV bucket needs to be in alignment with the longitudinal axis of the upper pipe in
order to rotate the stem that will be welded on the center of the end-flange plate, and
produce the required torque. This fixed support area will be another steel plate with six
bores, so the stem is extended through it inside the receptacle. The final configuration
of the multi-handling mechanism is shown in Figures 9.1 and 9.2.

Circular

end-flange

ROV receptacle
plate

Square stem

Beam of
the frame

Figure 9.1: Final configuration of the multi-handling mechanism
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The steps of the concrete mattress deployment are similar to the ones presented in
Chapter 4, where the only difference is that the ROV torque tool rotates directly the
stem. In the sequel, the latter as being mounted on the circular end-plate, will start
rotating the upper pipe and initiate the unreeling of the sling wires.

Panel
B ROV bucket plate
plate i =" P
L | e
“—— rov
bucket
\ Stem
) / ] -
_V\

Upper
pipe

~~ End-flange

L

/v

Frame
beam

Figure 9.2: Side-view of the multi-handling mechanism

9.3 Locking mechanism

It is essential to design a robust and safe locking arrangement to prevent the rotation of
the upper pipe due to the selfweight of the concrete mattress. In view of this, two
alternative locking methods are proposed in the current section. The great importance
of the locking approach deems necessary to conduct a thorough analysis of the
arrangement, and therefore a future research is recommended.

Locking pin

The idea of utilizing a locking pin is discussed also in Chapter 4, as consisting part of
the initial concept. According to that, the pin penetrates the end-flange and the panel
plate, securing the upper pipe against unwanted rotation. In light of the new
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configuration shown in Figure 9.1, the ROV bucket plate creates accessibility issues to
the removal of the pin, as the access to this area will be limited. Therefore, the new
design should penetrate also the ROV bucket plate and thus be secured in three
components, considering the end-flange and the panel plate.

Panel 4+ ROV bucketplate
plate -
-
- ROV
bucket
-
Stem
4 -
Upper i
pipe 1 End-flange
A
Frame
beam

Figure 9.3: Side view of the handling mechanism depicting the locking pin

The locking pin can be similar to the one of a green pin ROV shackle with tapered pin
and incorporate a fishtail-handle in the end, resulting in a ROV friendly component.
An illustration of the green pin can be seen in Figure 9.4.

Figure 9.4: Green pin ROV shackle with tapered pin and fishtail-handle (vanbeest.nl)
Locking flaps

An alternative approach to secure the rotation of the upper pipe is to design a special
end-flange. For the development of this proposal it is considered that the sling forces
will tend to rotate the upper pipe in the counter-clockwise direction, as shown in
Figure 9.5. In each side of the flange one piece of steel rod can be welded, protruding
perpendicular to the plane of the paper. Similarly, the circular flange can have two
protruding flap sections. On the left side, a small piece of steel bar can be bolted on its
left end, but still be free to rotate with respect to this point. The bar is also supported
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by the rod, as it stands on top of it. The left flange flap is supported by the bar, which
restricts its rotation. A similar arrangement is made on the right side, with the
difference that the bar is located below the rod, to restrict the upward motion of the
right flange flap.

\
Panel plate

Stem
Fixed rod
Flange flap |—
Bolted bar
|Upper pipe / End-flange

Sling force
v

Figure 9.5: Front view of the panel plate depicting the protruding-locking flaps

In order to unlock this mechanism, the ROV torque tool should produce torque in the
clockwise direction, in which the upper pipe is free to rotate. The angle of rotation
should be at least 180°, so the flaps rotate the bolted bars to the vertical position shown
in Figure 9.6. Ultimately, the ROV torque tool should generate torque towards the
counter-clockwise direction, as the flange (and the upper pipe) is free to rotate now.

Unlocking
rotation

Figure 9.6: Direction of the unlocking rotation for the flap-locking mechanism
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9.4 Design of the new setup

9.4.1 ROV Buckets

The new class 7 ROV bucket for the rotary operation is depicted on the drawing on
Appendix A.1, and its structural integrity is satisfactory as it is a standard product
according to 1SO [28]. The bucket is bolted with four bolts on the plate and acts as a
docking and securing point for the ROV, and thus docking loads are imposed to the
plate bore. ISO [28] recommends the interface of the structure, the plate in this
particular case, withstands the typical ROV intervention forces and loads, as shown in
Figure 9.7.

(@)

<)

My | +1570N-m (1158 b Fy | 3800 N-m (854 b1
M, | +6080N-m (4484 bf) F, | +980 Nm (220 1bf)

M, — F, | +5060Nm (1137 bf

Figure 9.7: ROV bucket bolted on a plate panel (left) and the related intervention loads
imposed on the ROV interface [28]

The loads of Figure 9.7 are considered for the selection and check of the bolts, which
is performed in Appendix E. Additionally, the moment induced by the rotary operation
of the torque tool is in taken into account, namely Teq=10.86 KNm. The most severe
load case scenario is used as basis for the design, where all loads are acting
simultaneously and their effects are combined. The performed checks regarding the
structural integrity of the bolts are due to tension, shear, slip resistance and bearing
resistance. The view of the ROV bucket is depicted on Figure 9.8, while the all six
ROV buckets bolted on the support plate are shown in Figure 9.9.
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Figure 9.8: ROV bucket front view

Four preload M20 class 8.8 bolts are found to be adequate in securing each bucket on
the plate.

9.4.2 Plate incorporating the ROV buckets

The plate where the ROV interfaces are bolted spans 2.55 m with 0.40 m height, and is
welded (fixed) on the outer width-side of the frame. Six ROV buckets will be
mounted on the plate, so the plate has six bores with their middle point in alignment
with the respective center of the stem. The diameter of the bore is slightly larger than
the diameter of the ROV tubular housing (243 mm), namely 250 mm in order to
compensate the tolerances of the bucket dimensions or other deviations (e.g. painting).
A simple FE stress check (see Appendix E) is performed in the plate subjected to the
loading of Figure 9.7, with Inventor’s stress analysis feature. The thickness of the plate
is selected to be 20 mm, and in the analysis the bore located nearest to the outer side is
examined. To reduce the computational power needed only one adjacent bore is
included, as shown in Figure 9.10 (with yellow colors the applied loads as per Figure

9.7).
CFON O ONCNE:

= PS50 -~

Figure 9.9: Plate incorporating the ROV buckets

The equivalent (Von-Mises) stresses are extracted, with the maximum value being
equal to: ovmrovp=0.52 MPa, resulting to a negligible UR (less than 0.01).
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Figure 9.10: Left- The ROV plate model with the applied forces, Right- The equivalent stresses

9.4.3 Panel plate

Similarly to the plate which embodies the ROV interfaces, the panel plate has a length
of 2.55 m and a chosen height of 0.40 m. The geometry of the panel plate is pictured in
Figure 9.11 and the selected thickness is 30 mm. The panel has six bores where the
upper pipes are stabilized and connected with the end-flanges to create a solid support.
The reaction forces on the supports are consist the design values for the plate, as taken
from Staad.Pro. The bore has a diameter of 250 mm, despite the upper pipe’s different
diameter of 219.1 mm. This is due to the existence of a layer of a polymer material
with low friction, so the pipe can easily rotate.

375w f——350——=| 75 = _
| 2550 |

Figure 9.11: Panel plate geometry

The selected polymer material is POM and has the following characteristics [59]:

— Yield strength: fy, =67 N/mm?

— Modulus of elasticity: E = 2,300-2,800 N/mm?
— Shear modulus: G =852-1,037 N/mm?
— Poisson ration: v =035

— Friction coefficient u =014
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The contact stresses exerted on the POM interface are analytically calculated on
Appendix E. The compression resistance check is also performed. In each case, the
URs are found to be below unity (see also Table 9.1).

9.4.4 Stem

The square stem is designed in accordance to ISO [28] specifications and can be seen
in Figure 9.2. It has a length of 255 mm and width 88.9 mm and is welded on the end-
flange. The stem is subjected to torsion due to the torque input from the ROV torque
tool, namely Teq=10.86 kNm. Due to the fact that is designed in accordance to ISO
[28] dimensions, only a weld check is carried out. The resultant UR is found to be in
acceptable limits (see also Table 9.1).

9.5 Results of the new design

The components of the new configuration are checked individually according to the
most unfavorable load state. The analyses showed a satisfactory structural integrity of
all items, and the detailed calculations can be found in Appendix E. Table 9.2
summarizes the results, and shows the highest UR of each component.

Table 9.1: Summarized results of the components of the new configuration resulting to highest

UR
Component Structural Check URmax
POM cross-section Cross sectional resistance 0.88
Panel plate Bore cross-section resistance OK, due to POM check
ROV interface plate  Cross section resistance at the <0.01
bore
Bolts Bolting resistance 0.99
Stem Weld check 0.54

In conclusion, the examined parts and the performed checks allow the fabrication of
the new setup. However, they do exist some areas and more specifically some
geometrical and space limitations aspects that need to be studied before fabricating the
whole frame structure.

Page]|106



Universitetet
LS i Stavanger subses 7

Chapter 10
Conclusions

10.1 Concluding remarks

A concept for an installation tool that will deploy multiple concrete mattresses in a
single lift was proposed by Subsea 7. A handling mechanism that controls the lowering
of each mattress on the seabed in the key feature of this tool. The primary objective
has been to resolve the concept under certain requirements, elaborate on its operational
and installation aspects, and assess the structural integrity of the finalized proposal.

Initially, the concept is thoroughly elaborated and all its components are presented
alongside with their functionality. All installation steps are discussed under rational
assumptions and the final framework for the design is set.

A static analysis is performed during design phase of the spreader beam (lower pipe)
and the upper pipe with the LRFD approach. The cross sectional characteristics were
defined through series of analyses that ware carried out in Staad.Pro under ULS limit
state. All load factors associated with marine and subsea lifting operations are
included, in conjunction with the dynamic amplification factor (DAF) which accounts
the dynamic loading in the static analysis. Both the lower and upper pipe have circular
hollow sections, namely CHS139.7x10 and CHS219.1x20 respectively. These
members are prone to forming air pockets and therefore drainage holes should be
considered. The elastic verification criterion shown in equation (5.5) governs the
design, whilst the second highest utilization ratio (UR) for both sections is due to the
bending moments caused by the dead weight of the concrete mattress and the
selfweight of the components. The maximum URs are 0.61 and 0.90 for the lower and
upper pipe, respectively. It should be noted that the steel grade of the upper pipe is
S460, as the goal is to increase its strength while having the lowest possible pipe
diameter. A pipe with a larger diameter would create a longer lever arm for the acting
sling forces and thus impose higher torque requirements for the handling mechanism.
Afterwards, an in-place static analysis is conducted to get the required torque input for
the operation of the mechanism, where the load factors were reduced accordingly. The
resultant torque value is 10.87 kNm.

A class 4 ROV torque tool is utilized for the operation, with maximum output torque
of 2.711 kNm and 40 rpm speed. In order to achieve the required torque value of 10.87
kNm, a gearset is considered, in order to increase the mechanical advantage of the
torque tool. The gear design is performed with an Autodesk Inventor feature, as
forming a detailed gear geometry is rather laborious. The two dominant gear failures

Page]l07



Universitetet
LS i Stavanger subses 7

are examined, namely tooth breakage due to excessive bending stresses and pitting due
to fatigue contact stresses, with reference to AGMA standard. The strength checks
showed URs greater that unity under the input requirements of torque (2.711 kNm),
speed (40 rpm) and gear dimensions (outside diameter of 0.35 m with 50 mm face
width). The series of analyses showed that the designed gearset would be in an
acceptable strength state in four different cases. In each case, only one parameter is
modified:

= Input torque value of 0.76 kNm to the pinion from the ROV torque tool. This
would result to a 3.17 kNm torque output, which is inadequate to handle the
operation.

= Lowering the mechanical advantage ratio (torque ratio nt) to 1.6:1. This
modification would create a smaller gear (0.25 m outside diameter) with 4.12
kNm torque output, which is insufficient, similarly to the above case.

= Increase the face width from 50 mm to 250 mm. This would provide the
desired torque output, but it is impractical to design such huge gears.

= Increase the outside gear diameter from 0.35 m to 0.65 m. However, the
space limits that have been set prevent such design.

However, the AGMA semi-empirical equations that were used for the strength checks
are deemed inadequate to calculate the accurate stress state of the gears by some
researchers in the literature [49, 52-55]. Accounting the highly nonlinear contact tooth
stresses and the complex involute tooth geometry a finite element analysis (FEA) is
recommended. The FEA is performed in Ansys Workbench where the detailed
geometry from Inventor is inserted, alongside with the defined boundary conditions.
The mesh of the gear teeth is a key parameter of the numerical analysis; the right
balance between computational power and quality of results should be found. In this
thesis, the teeth contact area was refined by elements with a 0.2 mm maximum size,
generating 289k nodes and 64k elements.

The numerical analysis manages to capture adequately the phenomenon where a tooth
of the pinion meshes with a gear tooth. The highest bending stresses are developed at
the root fillet, which is under tension, and can lead to tearing and breakage of the
tooth. The latter finding is also acknowledged by observations in the literature.
Moreover, the FE bending stresses are in very good agreement with the AGMA
results, as a deviation of 7.9% is noted. Despite the good approach achieved in the
bending stresses, the FEM was insufficient to provide a valid magnitude of the contact
stresses. The numerical results reveal a significant deviation with the ones calculated
by AGMA. The reasons are that the contact phenomenon is highly nonlinear and needs
further mesh refinement, a fact noted by other authors as well. Ultimately, both
analytical and numerical strength calculations suggest that the current gear design is
not permissible and should be abandoned.

Under the new circumstances, a modified configuration for the handling mechanism is
proposed by the author. In the new concept, a ROV intervention tool is utilized, more
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specifically, a torque tool multiplier will be used in combination with the class 4
torque tool. The input of the multiplier is a class 4 interface and 2.711 kNm torque,
while the output is a class 7 interface with a maximum output up to 32 kNm.
Therefore, a class 7 ROV bucket should be incorporated in the new setup. The latter
offers an extra advantage as the mechanism can by also operated by a class 7 ROV
torque tool. The rest components of the mechanism are evaluated, and their structural
integrity is found to be within acceptable limits.

10.2 Recommendations for future work

Despite a huge effort has been made to address the most critical points of the design of
the handling mechanism, there are still areas that need further research and a more
comprehensive study before a potential fabrication. Herein, an attempt has been made
to include these areas and present the associated challenges.

Design of the steel frame

The focus on the present work has been kept in the handling mechanism that is utilized
to deploy the mattress to the seabed. However, the steel frame that will facilitate the
handling mechanism needs to be engineered and take into account the geometric
restrictions set by the current design. In addition, a hydrodynamic analysis is essential
especially when lowering though the splash zone, as it can induce higher dynamic
loads to the structure and the mechanism. Since the operation of the frame requires
ROV intervention, a ROV impact analysis with the frame and the mechanism should
be also considered.

Lifting points and arrangement

Twelve hooks welded on the bottom of the lower pipe lift the concrete mattress. Two
steel wire slings are reeled on each side of the upper pipe, while the other ends are
attached on a padeye-shackle arrangement mounted on the upper part of the lower
pipe. A lifting report should be made that will examine the lifting capacity of the
above-mentioned lifting points and slings. Moreover, the rigging design of the four
point lifting should be incorporated.

Bearing supports

In this thesis, a polymer material with low friction value and its required area are the
only elements to be addressed in regards the bearing support. However, a more in-
depth analysis of the bearing is required with respect to its geometry, functionality and
maintenance.
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Corrosion protection

A design case addressing the corrosion protection of the installation tool is necessary,
as frame is intended for subsea application. This yields the need for protection against
the corrosive offshore environment. The various components can be coated along with
proper markings and labelling as set by the standards.
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APPENDIX A:
Drawings and information sheets

Al. Drawing and geometry of ROV receptacle [28]

Dimensions in millimetres (inches)

Ex Fx508(2)°

N
H
o« 1016 (4)
| C G
oA F
_.....| M
[
- ) .
Ly £
- - 5|3 A G-l E=F =
S -
/z
h @
LA
| , $
—t-j J

#  Clearance both ends.
b See Note in Table 4.

Figure 18 — Rotary torque receptacle
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Table 4 — Dimensions for receptacle classes 1 to 7 (see Figure 18)

Dimensions in millimetres (inches)

Dimension Class
1 2 3 4 5 6 7
A square | 17,50 (0,687) | 17,50 (0,687) | 28,60 (1,125) | 38,10 (1,50) | 50,80 (2,00) | 66,67 (2,625) | 88,90 (3,50)
B 154,0 (6,06) | 154,0 (6,06) | 154,0 (6,06) | 154,0 (6,06) | 190,5 (7,50) | 243,0 (9,56) | 243,0 (9,56)
C min. 41,0 (1,62) 41,0 (1,62) 41,0 (1,62) 41,0 (1,62) 63,5 (2,50) 89,0 (3,50) 89,0 (3,50)
D 38,0 (1,50) | 38,0(1,50) | 38,0(1,50) | 38,0(1,50) | 57,0(2.25) | 82,25(3,25) | 82,25 (3,25)
E 32,0(1,25) | 320(1,25) | 32,0(1.25) | 32,0(1,25) | 38,0(150) | 44,5(1,75) | 44,5(1.75)
F 82,5 (3,25) 825 (3,25) 82,5 (3,25) 82,5(3,25) | 127,0(5,00) | 178,0(7,00) | 178,0(7,00)
G min. 140,0 (5,51) | 140,0 (5,51) | 140,0 (5,51) | 140,0 (5,51) | 140,0 (551) | 222,0(8,75) | 435,0 (17,13)
( max. 146,0 (5,75) | 146,0 (5,75) | 146,0(5,75) | 146,0 (5,75) | 146,0 (5,75) | 228,0 (9,00) | 441,0 (17,38)
H 181,0(7,12) | 181,0(7.12) | 181,0(7,12) | 181,0(7,12) | 206,0 (8,12) — —_
J 12,7(0,50) | 12,7(0,50) | 12,7 (0,50) | 12,7 (0,50) = = =
168,5 (6,63) | 168,5 (6,63) | 168,5 (6.63) | 168,5 (6,63) = — —
M 254 (1,00) | 254(1,00) | 254(1,00) | 254 (1,00) — = —
N 194,0 (7,63) | 194,0(7.63) | 194,0 (7,63) | 194,0 (7,63) - - -
As an alternative to dimension A, end effector shapes as found in Annex D for the appropriate torque range may be used.
Al dimension folerances are as follows:
0.« + 0,5 (0,020)
0.cx + 0,25 (0,010)
= ()
NOTE 1  Chamfer on the end of the end effector profile is 45° x 1,65 (0,06) max.
NOTE2 Clearance behind anti-rotation slots [£ x F x 50,8 (2)] is to allow for locking feature option provided by some tools.
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A2. Drawing of concrete mattress
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A3. ROV tooling

+MC Technologies

S : We put you first.
Schilling Robotics Aol Koo o ahesd.

TITAN 4 Manipulator

Thousands of FMC Schilling manipulator systems are in
use worldwide every day. TITAN manipulators are the
highest quality system on the market for the dexterity
and strength needed to withstand the industry’s harsh
and repetitive needs day after day.

» Acute Predsion Control

» Durable Through the Harshest Conditions
» Reliability Through the Harshest Conditions
» Large Operating Envelope

» High Lift-to-Weight Ratio

» Depth Rating up to 7,000msw

» Titanium Construction

The TITAN 4 is widely regarded as the world's premier
servo-hydraulic remote manipulator system. Since
1987, these systems have been the industry standard
for dexterous manipulator systems used in subsea
applications, and are extensively used on uitra-heavy
work class ROVs.

The TITAN 4 has the dexterity and accuracy necessary to ¢ >
perform the fine movements needed for complex tasks.

When this ability is combined with the manipulator's

reach (1,922mm), payload capacity (122kg at full

extension), and large operating envelope, the TITAN 4

offers unequaled performance in a wide range of subsea

applications.
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In-arm elecrronics are located In the forearm,
Increasing system refiabiliy and minimizing
elecirical connectons

Acute Precision Control

The TITAN 4 manipulator's accuracy is limited only by
the pilot’s eye. The master controller includes a six-
degree-of-freedom replica master arm that ensures
comfortable, intuitive manipulator operation. Its
movements are just as sharp whether it's moving a 51b.
object or moving a 250Ib object.

The controller also contains function keys for selecting
menu options and a display for viewing diagnostic

and status information. The controller’s advanced
operational features are individual joint freeze, position
scaling (altering the ratio of master arm movement

to manipulator arm movement), password security,
programmable stow/deploy routines, individual joint
movement limits, incremental gripper movement,
individual joint diagnostics, and automatic error
checking.

The replica master arm ensures comforiabie, incukive
operadon.

wwaw.fmetechnologles.com
© 2013 FMC Technalogies Schiling Roboncs. AN Fghts resaned.

Reach: 1.92 meter
Type: Position Controlled
Functions: 7

Material: Primarily Titanium
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Rotary Docking
Class 1-4
Torque Tool

REMOTE TECHNOLOGY
SERIES

Specifications

I-Tech?”

The Class 1-4 Rotary Docking Torque Tool provides
a means of developing torque for actuation of
valves and lockdown clamps, throughout a subsea
production system over a torque range of 27Nm to
2710Nm (20 to 2000ft-Ib).

The torque reaction lugs on each side of the tool include an integral
latching mechanism that anchors the tool into the 1ISO 13628-8 Figure
18 interfact. This provides a means of stabilising the ROV during valve
operations and allows for secure handling of fly-to-place electro-
hydraulic flying leads.

Summary of Rotary Docking Class 1-4 Torque Tool:

* Combines functions of Class 1-4 torque tools in a single unit

* Single 5.1 torque multiplier

Torque reacted locally within front single spring loaded multi end
effecters for classes 1-4 torgue tools: includes 1.50%/1.66" for class 4
Signals from torque transducer and tums counter relayed back to
continuous surface readout via ROV umbilical

Hydraulic contrel achieved from ROV through hydraulics manifold or
separate Hydraulic Control Panel

Torque control achieved through closed loop proportional control
system or can be manually pre-set at surface and selected from
topside control console

Tool assembly contained in aluminium housing for corosion and
environmental protection

Deeper Challenges, Wider Horizons

Meterkls
Housing - sluminium alioy

Epring loaded socket - stainkess steel

Hydraullo Supply
B85 ber {1230 pal) for maximum tocl output

Supply Fuld
Mineral Ol

Torque Qutput
27Nm to 27 10Mm (20 to 2000f-Ib)

Output Speed
8rpm @ 24 Vimin (.4 g/min)

Tums Courder
Accurste to £ 0.125 tums

Torque Feed-Back
Contirucus

Depith Rating
Limited to ROV hydraulic compensstion system

Welght In Ak
52%g (115bs)

Interfaces
120 13628-8 Figure 18 Rotary Docking Class 1-4 compatiole

Depioyrnent
Subzas 75 Alignment Tool, Tool Deployment Linit (TOU) or by
manipulstor

Ancllary Equipment
Surfece callbration Torgue Analyser unit availsble
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Class 4to7
Torque Tool
Adaptor

VALVE MANIPULATION
TOOLS

Product Number:
AUS-11024-0001

The class 4 to 7 toque tool adaptor is designed to handle class 7 valves and connectors through a
standard class 4 torque tool. The adaptor is pressure compensated and has a mechanical latch
mechanism activated through the vertical grab handie.

* Constructed from aluminium and stainless steel
* Pressure compensated housing

* Mechanical latching mechanism

= Max output torque 34,000 Nm (25,077 ft.Ib)

* Gear ratio 14.1:1

Class 4 to 7 Torque Tool Adaptor i-Tech’
P

Product Number AUS-11024-0001

Materials Stainless Steel, Aluminium and Acetal

Depth Rating 3000msw (9,8421t)

Max Output Torque 34,000 Nm (25,077 ftlb)

Hydraulic Power MIA

Requirement

Weight in Air 150 kg (330 Ibs)

Weight in Seawater 120 kg (265 lbs)
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DATA SHEET \I velocious

Class 7 (Modified) Torque Tool

The Class 7 (Modified) Torque Tool is designed and built by Veloci andr ded for all high
torque operations. The tool interfaces with a shortened form of a ISO 13628-8 Class 7 torque
receptacle with a 3.5" square drive. This robust subsea unit is the product of a detailed design
process that affords the appropriate level of respect to the integrity critical tasks being carried out.

This tool incorporates an integrated electronic display at the rear so that torque output and turns count can
be continuously monitored. The tool also incorporates a visual turns indicator through 8 view ports on the
main body housing and an indicator to verify that the tool is completely engaged with the torque bucket.

The Tool is typically supplied in a fully cali condition tog with a V i calibrated torque
analyser unit and delivers the highest level of torque repeatability across its entire supply pressure range. A
maximum output torque of 40,000 Nm is available and the tool is rated to 3,000 m water depth as standard.
This tool should be used in conjunction with a Subsea Control System for full proportional control and data
logging of operations.

Technical Specifications - Torque Tool:

Weight in Air 140 kg (309 Ibs) without buoyancy
Weight in Water 45 kg (99 Ibs) with buoyancy
109 kg (240 Ibs) without buoyancy

Depth Rating 3,000 meters

Interface Modified ISO 13628-8 Class 7

Torque output 5,000 to 40,000 Nm (3688 to 29502 ft Ibs)

Operation Temperature Range  -15°C to 45°C (5°F to 113°F) See sheet 2 for more
Unit 3, 115 PO Box 247 P +8180373 1300
Beimont Avenue Belmont F +618 9373 1333 :
Beimont WA 6104 WA 8984 E info@velocious.com.au www.velocious.com.au

DATA SHEET \l velocious

Technical Specifications - Subsea LED Display & Electronics:
Dual simultaneous display of torgue [/ turn count

Fixed character height {(14.2 mm)

Torgue readout wirotational sign (+/-) in Nm or fi-lb, incremented to 0.1 kNm
Mumber of turns wirotational sign (+/-), incremented to 0.1 tums

Light activated display

Low battery warning

Automated sleep mode (programmable)

Bi-directional R5-232 communications with topside

110 - 240V, 50 - 60 Hz external power supply for charging

Torgue readout accuracy +/- 10%

Rechargeable battery: 1 x D-Cell NiMH, 7 days battery life (display on); & months battery life (standby)
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APPENDIX B:

Staad.Pro analysis

B.1 Spreader beam (lower pipe)

Thursday, June 07, 2018, 12:45 PM

B E T e T T T T

STAAD.Pro VE8i SELECTseriea3
Version 20.07.08.20
Proprietary Program of
Bentley Syatems, Inc.
Date= JUN 7, 2018

Time= 12:45: 4

USER ID: Subsea 7

1. STRRD PLENE

INPUT FILE: lower pipe final with slings operational STD
2. STRRT JOB INFORMATION
3. ENGCIKEER DATE Z3-MRR-18
4. JOB NRME MRSTER THEEIE
S. JOB CLIENT UIS
&. JOB KO 3
7. ENCINEER NEME E._CHATEZILL
8. END JOE INFORMARTION
S. INPUT WIDIH 7%
10. UNIT METER EN
11. JOINT COORDIMRIES
12. 5 1.384€2 0 0; 8 Z.754€2 0 07 15 €.0B4€Z 0 05
13. 20 &.08482 0.3 0
14. MEMBER INCIDENCES
15. 3 1% 15; 4 15 8; 5 & 5; &€ 8 13; 7 15 20
1lé. DEFIKE MATERTAL START
17. ISOTROPIC STEEL
18. E Z.1E+008
1%. POISE0ON 0.3
20. DENSITY T&.B155
Z1. RLPHR 1_ZE-005
ZZ. DRMP 0.03
TYPE STEEL
ETRENGTH FY 355000 FU 450000 RY 1.5 RT 1.2

. END DEFINE MATERIAL
. MEMEER PROPERTY EURODEAN

Wi ki ki R3 R3 B3 R3 RDOR
=T R VI A

3 TO 5 TRBLE ST 135.7HBCHS
€ 7 TRELE ST PIPE OD O.0& ID O
CORSTRNIS
0. MRTERIAL STEEL ALL
31. SUPPORTS
32. 1% Z0 PINNED
33. 5 12 FIXED BUT FY M MY MZ KFX 1 KFZ 1
34. MEMEER TRUSS
3E. €
36. MEMBER TRUSS
3.7
3E8. LORD 1 LOARDTIYPE DERD TITLE DESIGN LOARD CASE
35. SELFWEIGHT ¥ -3.&62
40. MEMBER LOAD

18 7.45462 0 07

B E L T

1% 2.75462 0.3 0

~ o

Cr\Userss5Tnl1 827 \Dashtop |\ Offehore Technology|éth SemesteriMs

Thesis\Csleulations\O0ffshore Lift\Uppsr Fips'lowsr p
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Thursday, June 07, 2018, 12:45 FM

STRAD PLENE —— PREE RO. F

41. 5 CON Y -Z1.1 0.54

42, 5 CON ¥ -Z1.1 0.47

43, 4 CON ¥ -21.1 0.54

44, 4 CON ¥ -21.1 0

45, 4 CON ¥ -21.1 0.47

48. 4 CON ¥ -Z1.1 1.41

47. 4 CON Y -Z1.1 1.&88

48. 4 CON ¥ -Z21.1 Z_.3%

45, 4 CON ¥ -21.1 z.82

Lo, 4 CON ¥ -21.1 3.25

1. 3 CON ¥ -21.1 0.54

2. 3 CON Y -Z1.1 0.47

53. LOARD 2 LORDTYPE DERD TITLE OPERATIONAL LORD CASE

54. SELFWEIGHT ¥ -Z_33

5E. MEMEER LORD

Ee. 5 CON ¥ -8B 0.54

E7. 5 CON ¥ -8B 0.47

8. 4 CON Y -8B 0.54

5%. 4 CON Y - O

60. 4 CON Y -8 0.47

6l. 4 CON ¥ -8 1.41

€2. 4 CON Y -8B 1.88

3. 4 CON ¥ -8B 2.35

4. 4 CON ¥ -8B 2.82

€%, 4 CON Y -& 3.2

€6. 3 CON Y -8 0.34

&7. 3 CON Y -8 0.47

&8. PERFORM ANLLYSIS
PREOBLEM STATISTICS

NUMBER OF JOINTS/MEMBER+ELEMENTS/SUPPORTS = &6f 5/ 4
SOLVER USED IS THE OUT-OF-CORE BASIC SOLVER

ORIGINAL/FINAL BAND-WIDTH= 3/ 3/ 10 DOF

TOTAL PRIMARY LOAD CASES = 2, TOTAL DEGREES OF FREEDOM = 14

SIEE OF STIFFHESS MATRIX = 1 DOUBLE EILO-WORDS

REORD/AVAIL. DISK SPACE = 12.0/ 22203.9 MB

ZERQ STIFFNESS IN DIRECTION & AT JOINT 1% EQN.HO. 13

LOARDS APPLIED OR DISTRIBUTED HERE FROM ELEMENTS WILL BE IGNORED.
THIS MAY BE DUE TO ALL MEMEERS AT THIS JOINT BEING RELERSED OR
EFFECTIVELY RELERSED IN THIS DIRECTICON.

ZERQ STIFFNESE IN DIRECTION &€ AT JOINT 20 EQN.HO. 14

€5%. PRRRAMETER 3

70. CODE EN 1533-1-1:Z005
T1. SGR 4 ALL

T72. TORSION 2 LLL

C:\Users\s5Tnl1827\Desktop\Offshore Technologyl4th Semester\MS5c Thesis\Calculstions\Offshors Lift\Uppsr Fipe\lowsr D
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Thursday, June 07, 2018, 12:45 EPM
STRRD PLENE -- PRGE HO 2
ALL UNITS ARE - EN METE (UMLESS OTHERWISE NOTED)
MEMBER TABLE RESULT/ CRITICAL COND/ RATIO/ LORDING/
FX MY ME LOCATION
3 2T 135.7X8CHS (EUROPERN SECTICHS)
DREE EC-&.2._TI(5] 0.5E8 1
o.00 o.o00 30.87 1,41
MRTERIRL DRTR
Grade of steel = & 480
Modulus of elasticity = 210 kN/mmZ
Design Strength (py) = 460 W/SmmZ
TION PROPERTIES {units - cm)
Member Length = 141._00
Gross Rrea = 33.10 Net Rrea = 33.10
Z-axis y-axis
Mement of inertia T20.000 TZ20.000
Plastic modulus 1353.000 133

Elastic modulus 103.
Ehear Rrea 21.
Radius of gyration 4.
Effective Length 141,
DESICGH DARTE (units - kN, m) EUROCOLE NO.3 JZ005
Section Class CLARSS 1
Sguash Load 1522 &0
Axial foree/Sqguash load g.ooo
@0 o 1.15 GM1 1.15 GMz - 1.25
Z—axis y-axis
Slenderness ratic (EL/x) 30.Z 30.2
Compressicn Capacity 1243.2 1243.2
Tension Capacity 1Z8€.5 1286.5
Moment Capacity EE.E EE.&
Beduced Moment Capacity E5.6 55.8
Shear Capacity 4BE.E 48€.¢6
BUCELING CRLCULRTIONS (units - kN,m)
Lateral Torsional Buckling Moment ME = E3.5
co-efficients C1 _E : C1 =1.000 E =1.0, Effective Length= 1.410
TORSION CRLCULATIONS (units kM, m)

Total Torsicnal Load

Effective Length for Torsion =
END1: Torsicn Fixed, Warping

rsion at section
Torsion Component

Torsion Capacity
Warping Torsion Capacity

. zection foreces _capacitiss: [

ing Torsion Component

T = 0.0

1.410

Fized WDZ: Torsion Fixed, Warping Fixed
@ x = 0.000] (units - kN, m)

= o.o
= 0.0
= 0.0
= o.o
= 0.0

C:\Users\s5Tnl1827 \Dasktop|\Offehore Technolegy|\{th Semester\MS5c Thesis\Calculstions\Offshors Lift\Uppsr Fips\lowsr p
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Thursday, June 07, 2018, 12:45 BM
STAARD PLENE —— PRGE KO. 5

ALL UNITS ARE - EN METE (UNLESS OTHERWISE HOTED)

MEMEER TAELE RESULT/  CRITICAL COND/ RATIO/ LOADING/
X My MZ LOCATION

CRITICRL LORDS FOR ERCH CLRUSE CHECE (units— kN,m):

CLAUSE ORTIC LOLD FX ¥ VZ MZ MY

EC-&.2.5 0.552 1 0.0 3.5 a.o 30.7 0.0

EC-&.2.6- (¥} 0.08% 1 0.0 £3.5 a.o 30.7 0.0

EC-£.3.2 LTB 0.480 1 0.0 43.5 o.o 30.7 0.0

EDDITIORAL CLARUSE CHECES FOR TORSION (units— kN,m):

CLAUSE LRTIO LOLD DIST FX Rt VZ MZ MY M
EC-8.2.7(3) 0.085 1 1.4 0.0 43.5 0.0 30.7 a.o 0.0
EC-6.2.7(5) [ -7-3- 1 1.4 0.0 43.5 0.0 30.7 a.0 0.0
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STRAD PLENE —— PRGE RWO. &

ALL UNITS ARE - KN METE (UNLESS OTHERWISE NOTED)

MEMBER TAELE RESULT/ CRITICAL COND/ RATIO/ LORDING/
FX MY ME LOCATION

4 5T 135.7X8CHS (EUROPERN TICHS)
BRSS EC-6.2.7(5]) 0.e04 1
o.o00 ] 30.€7 3.23

MATERIAL DRTR

Grade of steel = & 480

Modulus of elasticity = 210 kN/mmZ

Design Strength (pyl = 480 H/mmZ
SECTICN PROPERTIES (units - cm)

Member Length = 325.00

Gross Area = 33.10 Net Rrea = 33.10

Z-axis y-axis

Moment of inertia H T20.000 T20.000

Plastic modulus H 135000 135.000

Elastic modulus : 103.078 103.078

Shear Area H 21.072 21.072

Radius of gyration H 4_e5d 4_ecd

Effective Length H 325.000 3E5.000
DESIGH DRTR {units - kN,m) EURCCODE HO.3 /2005

Bection Class H CLREE 1

Sguash Load H 1522 &0

Exisl force/Sguash load g.ooo

G0 - 1.15 GM1 : 1.1% GMZ - 1.25

Z-axis y-axis

Slenderness ratioc (ELfr) : 70.5 To.5

Compressicn Capacity H B3s.0 B34.0

Tenszion Capacity H 1Z8E.5 1286.5

Moment Capacity H EE.& EE.&

Beduced Moment Capacity EE_E EE. &

Shear Capacity H 4BE.¢8 45&. 8
BUCELING CRLCULATIONS (unitz — kN, m)

Lateral Torsional Buckling Moment MB = E3.5

co-efficients C1 _E : Cl =1.000 K =1.0, Effective Length= 3.250
TORSION CRLCULATIONS {units - kN,m)

Total Torsicnal Load T = 0.0

Effective Length for Torsion = 3.250

END1: Torsion Fixed, Warping Fized HNDZ: Torsion Fixed, Warping Fixed

Max. section forces _capacitiss: [@ = 0.000] (units — kN, m)
Torsion at section = o
Pure Torsion Component a
Warping Torsion Component = 0.
P Torsion Capacity = a
Warping Teorsion Capacity = o

C:\Users\s57nl827 \Dasktop\Offshors Teschnology\4th

stions\Offshorse Lift\Uppesr Fips\lower p
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STAAD PLRENE

—— PRGE RO. 7
ALL UNITS ARE - EN METE (UNLESS OTHERWISE HOTED)
MEMBER TABLE RESULT/ CRITICAL COND/ RATIO/ LOADING/
FX My MZ LOCATION
CRITICRL LORDS FOR ERCH CLRUSE CHECE (units— kN,m):

CLAUSE ORTIC LOLD FX ¥ VZ MZ MY
EC-&.2.5 0.552 1 0.0 B5.5 a.o 30.7 0.0
EC-&.2.6- (¥} 0.177 1 0.0 B5.35 a.o 30.7 0.0
EC-£.3.2 LTB 0.480 1 0.0 BE.5 o.o 30.7 0.0
EDDITIORAL CLARUSE CHECES FOR TORSION (units— kN,m):

CLAUSE LRTIO LOLD DIST FX Rt VZ MZ MY
EC-8.2.7(3) 0.177 1 3.3 0.0 B5.3 0.0 30.7 a.o
EC-6.2.7(5) 0.604 1 3.3 0.0 BE.9 0.0 30.7 a.0

oo
i::i::§
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STAAD PLRENE —— PRGE RO. ]

ALL UNITS ARE - EN METE (UNLESS OTHERWISE HOTED)

MEMBER TABLE RESULT/ CRITICAL COND/ RATIO/ LOADING/
FX My MZ LOCATION

E ST 13%.TEECHS EURCPELN SECTICHMS)

{
E

13 EC-&.2.T(5]) 0.568 1
o.o00 0.00 30.87 0.o00
FRTERIRL DATA
CGrade of steel = B 4&0
Modulus of elasticity = 210 kN/mmZ
Design Strength (py) = 460 N/mmZ

TICH PRODERTIES {units - cm)

Membar Length = 141.00
Gross Area = asz.1o Het Rrea = 33.10
Z-axis y-axis
Moment of inertia H T20. 720.000
Plastic modulus H 135. 135.000
Elastiec medulus : 103. 103.078
Shear Area H 21. 21.072
Radius of gyration H 4. 4_g&d
Effective Length H 141. 141._000
DESIGHN DATE (units — kN,m) EUROCODE NO.3 /Z00%
Bection Class H CLREE 1
Sguash Load H 1522 &0
2xizl force/Sguash leoad 0.000
Mo @ 1.15 GH1 - 1.15 GMZ - 1.25
Z-axis y-axis
Slenderness ratio (KL/r) - 30z a0.2
Compressicn Capacity H 1243.2 1243 .2
Tension Capacity H 1Z28E.5% 1286.5
Homent Capacity H EG5.& 5E. &6
Beduced Moment Capacity = EE_E BE.&
Shesr Capacity H 4BE.E 486.8

BUCELING CRLCULATIONS (units - kN,m)
Lateral Torsicnal Buckling Moment B = E3.5
co—efficients C1 _K : Cl =1.000 E =1.0, Effective Length= 1.410

=Y.

TORSICHN CRLCULATICNS {units - kN, ml

Totzl Torsicnal Load T = 0.0
Effective Length for Torsion = 1.410
END1: Torsionm Fixed, Warping Fized HDZ: Torsion Fixed, Warping Fixed

Max. section forces _capacities: [f
Torsion at sectien =

2} = 0.000] (units — kN,m)

o
Torzion Component = 0.

o

o

a

rping Torsion Component =
Pure Torsion Capacity
Warping Torsion Capacity

[ ==
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STARD PLENE -— PRGE HO. E

ALL UNITS ARE - EN METE (UNLESS OTHERWISE HOTED)

MEMBER TABLE RESULT/ CRITICAL COND/ BATIO/ LOZDING,
FX MY MZ LOCATION

CRITICAL LOADS FOR ERCH CLAUSE CHECHE (units— kN m):

CLAUSE BRTIC LORD X Yy VZ MZ

MY
EC-£.2.5 0.552 1 0.0 43.5 0.0 30.7 o.o
EC-E.Z2.6-[¥) 0.085 1 0.0 43.5 0.0 30.7 a.o
EC-6.3.2 LIB 0.480 1 0.0 3.5 0.0 30.7 a.o
EDDITIONAL CLAUSE CHECES FOR TORSION {units— kN, m):
CLAUSE BRTIC LORD DIST FX Y vz MZ MY ME
EC-£.2.7(5) 0.0B5 1 0.0 0.0 43.5 a.o 30.7 a.0 0.0
EC-8.2.7(E) i1 1 0.0 0.0 43.5 a.o 30.7 L] 0.0

C:\Ussrs'\s55Tnl827\Desktop\Offshore Technology'4th Ssmester\MSc Thesis'\Cslculations\Offshors Lift\Uppsr Fips'\lowsr D
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STAAD PLRENE —— PRGE RO. 10

ALL UNITS ARE - EN METE (UNLESS OTHERWISE HOTED)

MEMBER TABLE RESULT/ CRITICAL COND/ RATIO/ LOADING/
FX My MZ LOCATION

0.118 1
125 65 T 0.00 o.00 0.30
FRTERIRL DATA

CGrade of steel = B 4&0
Modulus of elasticity = 210 kN/mmZ
Design Strength (py) = 460 N/mmZ
TION PROPERTIES (umits - cm)
Membar Length = 30.00
Gross Area = 28_27 Het Rrea = 2827

Z-axis y-axis
Moment of inertia H €3.6817 €3.817
Plastic modulus H 35.535 35.55%
Elastiec medulus : 21.208 21.208
Shear Area H 15.000 18.000
Radius of gyration H 1.500 1.500
Effective Length H 30.000 30.000

DESIGHN DATE (units — kN,m) EUROCODE NO.3 /Z00%

Bection Class H CLREE 1
Sguash Load H 1300.62
2xizl force/Sguash leoad 0.100
Mo @ 1.15 GH1 - 1.15 GMZ - 1.25

Z-axis y-axis
Slenderness ratio (KL/r) - 20.0 20.0
Compressicn Capacity H 1106.0 110&.0
Tension Capacity H 1055.3 105%.3
Homent Capacity H 14.4 14.4
Beduced Moment Capacity = 1£.0 12.0
Shesr Capacity H 415.7 4157

BUCELING CRLCULATIONS (units - kN,m)
Lateral Torsicnal Buckling Moment B = lg.g
co—efficients C1 _K : Cl =1.000 E =1.0, Effective Length= 0.300

=Y.

TORSICHN CRLCULATICNS {units - kN, ml

Totzl Torsicnal Load T = 0.0
Effective Length for Torsion = 0.300
END1: Torsionm Fixed, Warping Fized HDZ: Torsion Fixed, Warping Fixed

Max. section forces _capacities: [f
Torsion at sectien =

2} = 0.000] (units — kN,m)

o
Torzion Component = 0.

o

o

a

rping Torsion Component =

Pure Torsion Capacity
Warping Torsion Capacity

[ ==
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STRAD PLRENE —— PRGE HO. 11

ALL UMITS ARE - KN METE (UNLESS OTHERWISE NMOTED)

MEMBER TABLE RESULT/ CRITICAL COND/ RATIO/f LOADIHG/
FX My MZ LOCATION

CRITICAL LORDS FOR EACH CLRUSE CHECE (units- kN, m):

CLRUSE EATIO LORD FX kti- VE MEZ
EC-8.2.3 (T} 0.118 1 -125.% 0.0 0.0 0.0 0.0

ADDITIONRL CLAUSE CHECES FOR TORSION {units- kN, m):

CLRUSE FRTIO LORD DIST FX VY VI ME MY ME
EC-E.Z.7I(E) 0.013 1 0.3 -125.8 0.0 o.o 0.0 a.0 0.0
C:\Users\ss7n1827\Dasktop\Offshore Technology\dth ter\M5c Thesis\Calculstions\Offshors Lift\Uppsr Fips\lowsr p

Page|B.10



g

Universitetet
i Stavanger

subses 7

Thursday, June 07, 2018, 12:45F PM
STRRD PLRNE -— PRGE NO. 1z
ALL UNITS ARE - EN METE (UNLESS OTHERWISE NOTED)
MEMBER TAELE RESULT/ CRITICAL COND/ RATIO/ LORDING/
FX MY ME LOCATION
7T 5T DIT E (EUROPERN SECTIONS)
DRSS EC-8.2.3 (T) 0.118 1
125,65 T 0.00 0.00 0.30
MATERIRL DATR
Grade of steel = & 480
Modulus of elasticity = 210 kN/mmzZ
Design Strength (py = 4e0 N/mmZ
CTION PROPERTIES (units - cm)
Member Length = 30.00
Gross Area = 2827 Het Rrea = 2227
zZ-axis y-axis
Moment of inertia 63.el7 €3_€E17
Flastic medulus 35.55% 35.55%
Elastic medulus 21.208 21.208e
thear Area 18.000 18.000
Badius of gyvration 1.500 1.500
Effective Length 30_.000 30_000
DESIGN DATR ({units - kN,m) EUROCODE HO.3 /Z005
Section Class CLARSS 1
Sguash Load 1300.62
Axizl force/Sguash load 0.100
GMD - 1.1% ML 1.15 GMz : 1.Z5
Z-axis y-axis
Slenderness ratioc (EL/r) Z0.0 Z0.0
Compressicn Capacity 110e.0 1106.0
Tension Capacity 1055.3 108%.3
Homent Capacity 14.4 14.4
Reduced Moment Capacity 14.0 14.0
Ehear Capacity 415.7 415.7
BUCELING CRLCULATIONS (units - kN, m)
Lateral Torsicnal Buckling Moment MB = l6.€

co-efficients Cl _K : Cl =1.000 K =1.0,

TORSICH CRLCULATICHNS (units - kM, m)
Total Torsicnal Load T = 0.0
Effective Length for Torsion = 0.300

END1: Torsion Fixed, Warping Fixed

Max. section forces _capacities: [ =
Torsion at section = -
Pu

Warping Torsion Component =
Pure Torsion Capacity
Warping Torsion Capacity =

]
a
Torsion Component = a.
a
il
il

Effective Length= 0.300

ERDZ: Torsion Fixed, Warping Fixed

0.000] (units - kN, m)

I3
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STAAD PLRENE —— PRGE RO. 13

ALL UNITS ARE - EN METE (UNLESS OTHERWISE HOTED)

MEMEER TAELE RESULT/  CRITICAL COND/ RATIO/ LOADING/
X My MZ LOCATION

CRITICRL LORDS FOR ERCH CLRUSE CHECE (units— kN,m):

CLAUSE ORTIC LOLD FX ¥ VZ MZ MY
EC-6.2.3 (T} 0.11s8 1 -125.4 0.0 a.o 0.0 0.0

ADDITIORAL CLAUSE CHECKS FOR TORSION (units— kN, m):

CLAUSE EATIC LORD DIST FX Y VZ ME MY
EC-8.2.7(5) 0.013 1 0.3 -lz5.8 0.0 0.0 0.0 a.0

Skdk bR NENsRNEd TND OF TABULATED DESULT OF DESICH *és*dwbdskawss

77. PERFORM ANRLYSIS PRINT ALL

=]
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STAAD PLRENE

LOADING 1 LORDTYFE DERD TITLE DESIGH LOAD CRSE

SELFWEIGHT ¥ -3.620

ACTUAL WEIGHT OF THE STRUCIURE = 1.684 EN
MEMBER LOAD - UNIT EN  METE
MEMBER ULL 11 Lz con L LINL

5 -21.1000 ¥ .54

5 -21.1000 ¥ .47

4 -21.1000 ¥ 054

4 =21.1000 ¥ 000

4 -21.1000 ¥ .47

4 —21.1000 ¥ 1.41

4 —21.1000 ¥ 1.88

4 -21.1000 ¥ Z.35

4 —21.1000 ¥ Z.gz2

4 -21.1000 ¥ 3.25

3 -21.1000 ¥ .54

3 -21.1000 ¥ .47
LORDING 2 LORDTYPE DEARD TITLE OPERATIONWAL LORD CRSE

SELFWEIGHT ¥ -Z.330

ACTUAL WEIGHT OF THE STRUCIURE = 1.684 EN
MEMBER LOAD - UNIT EN  METE
HEMBER UDL 11 Lz con L LINL

5 =5.0000 ¥ 054

5 -5.0000 ¥ .47

4 -2.0000 ¥ 0.54

4 -2.0000 ¥ 000

4 -§.0000 ¥ .47

4 -5.0000 ¥ 1.41

4 -2.0000 ¥ 1.88

4 =5.0000 ¥ Z.35

4 -5.0000 ¥ 2.82

4 -2.0000 ¥ 3.25

3 =5.0000 ¥ 054

3 -5.0000 ¥ .47

ZERQ STIFFNESES IN DIRECTION € AT JOINT 15 EQM.NO.

—— PRGE RO. 14

LINZ

LINZ

13

LORDS RPPLIED CR DISTRIBUTED HERE FROM ELEMENTE WILL EE IGNORED.
THIS MRY BE DUE TO ALL MEMBERS AT THIS JOINT BEING RELERSED OR

EFFECTIVELY RELEARSED IN THIS DIRECTION.

Cr\UssrsssTnl 82T\ Deshtop\Offehore Technolegy|{th Ssmester\MSc Thesis\Cslculstions\Offshors Lift\Uppsr Fips'lowsr p

Page|B.13



(1

Universitetet

i Stavanger subses 7

Thursday, June 07, 2018, 12:45 BM

STAAD PLRENE —— PRGE RO. 15
ZERQ ETIFFNESS IN DIRECTION & AT JOINT Z0 EQM.NO. 14
FOR LOADING - 1
APPFLIED JOINT EQUIVALENT LORDS
JOINT FORCE-X FCRCE-Y FORCE-Z HOH-X Ma-T HOM-Z
S 0.00000E+00-2.17485E+01 0.00000E+00 O.00000E+00 0.00000E+00-€.76383E4+00
8 0.00000E+00-1.07T781E+0Z O_00000E+400 O.00000E+00 O.00000E+00-3.3T34EE4HDL
15 0.00000E+00-1_07751E4+02 O0.0000Q0E+00 O.00O0C0E+O0 O.00000E+00 3.3734BE+H0L
18 0.00000E+00-2.17485E+01 0.00000E+00 O.00000E+00 0.00000E+00 €.76383E+00
1% 0.00000E+00-1_17541E-01 0.0000Q0E4+00 O.000C0E+00 0.00000E+00 O.0000CE+0D
Z0 0.00000E+00-1_17541E-01 0.0000Q0E+00 O.000C0E+00 O.00000E+00 O.0000CE+0D
STATIC LOAD/REACTION/EQUILIERIUM SUMMRRY FOR CREE KO. 1
LORDTYPE DERD TITLE DESIGN LORD CRSE
CENTER OF FORCE ERSED ON ¥ FORCES ONLY (METE).
(FORCES IN NON-GLOBRL DIRECTICNS WILL INVALIDATE RESULIS)
K = 0.443%€1555E+01
¥ = O0.Z72510000E-03
Z = 0.000000000E+00
#**TOTRL APPLIED LORD ( EW METE | STBMRRY (LORDIHG 1}
SMMATION FORCE-XH = Q.00
SUMMATION FORCE-Y = —-255.30
SUMMATION FORCE-Z = 0.00

SUMMATION OF MOMENTS RROUND THE ORIGIN-

Mx= 0.00 My= 0.00 MZ= =1151.17
#**TOTRL RERCTION LORD({ EW METE | STMMRRY (LORDING 1]
SUMMATION FORCE-X = 0.00
STMMATION FORCE-Y = 255.30
SUMMATION FORCE-Z = 0.00

SUMMATION OF MOMENTS RROUND THE CRIGIN-

M= 0.00 My= 0.00 ME= 1151.17
MRYIMUM DISDPLACEMENTS ( CM /RADIANS) (LOADIHG 1}
MR TMOME LT WODE
X 0.0C000E+OD a
¥ = 5.80%8cE-01 5
Z = 0.00000E+00 a
RE= 0.00000E+00 a
RY= 0.00000E+00 a
RZ= 1.06572E-02 is

Cr\UssrsssTnl 82T\ Deshtop\Offehore Technolegy|{th Ssmester\MSc Thesis\Cslculstions\Offshors Lift\Uppsr Fips'lowsr p

Page|B.14



(1

Univer

sitetet

i Stavanger

subses 7

Thursday, June 07, 2018, 12:45 BM

STARD

EXTERNAL EWMD INTERWAL JOINT LOAD STMMARY

PLENE

JT EXT FX/ EXT FI/
INT FX INT FY
1% 0.00 -0.12
0.00 -125.53
20 Q.00 -0.12
] -125.53
FOR LORDING - 3
LPPLIED JOINT EQUIVALENT LORDS
JOINT FORCE-X FORCE-Y
E 0.00000E+00-B.417&2E+00
g 0.00000E+00-4.14682E+01
15 0.00000E+00-4.14682E+01
18 0.00000E+00-B.41768E+00
1% 0.00000E+00-7.551Z1E-02
20 0.00000E+00-7_551Z1E-02

#%+TOTLL RDPDLIED LORD ( EN METE

STATIC LOAD/RERCTICN/EQUILIBRIUM

LOADTYPE DERD TITLE

CENTER OF FORCE BASED ON ¥ FORCES ONLY

FORCE-Z
O_00000E+HDD
O_00000E+HDD
O_00000E+HDD
D.00000EHOD
D.00000EHOD
O_00000EHOD

OPERATIONAL

[ KN HMET

EXT Fi/ EXT MX/S EX
INT FZ INT MX I

=}

Bl

=1
=}
=

MOM-X
-Q0000E+0D
-00000E+0D0
-00000E+DD
-Q0000E+OD
-Q0000E+OD
-Q0000E+OD

(=R =T =)

SUMMRRY FOR
LORD CREE

E

T
T

(=]

ooo oo o

—— PRAGE HO. 1&

MI/ EXT MZ/
MY INT MZ

SUPPORT=1
Rl 0.00
-an 0.00

111110

Bl .00
il 0.00

111110

MOM-Y MOM-Z
-00000E+00-2 . e0482E+00
-00000E+00-1 _25656E+01
-00000E+0D 1.Z2565€E+01
-00000E+0D 2.80482E+00
-00000E+0D O.0000CE+D0O
-00000E+CGD O.00000E+D0

CRSE KO. 2z

(METE) .

(FORCES IN MONM-GLOBRL DIRECTIONS WILL INVALIDATE RESULTS)

K = 0.443%62006E401

¥

O.4558Z1118E-03

Z = 0.000000000E+00

SUMMRTION FORCE-X =
SUMMRTION FORCE-Y =
SUMMRTION FORCE-Z =

STHMMATION OF MOMENTS

M=

#%+TOTLL BEACTION LORD( EN METE

0.00 M¥=

SUMMRTION FORCE-X =
SUMMRTION FORCE-Y =
SUMMRTION FORCE-Z =

STHMMATION OF MOMENTS

M=

0.00 M¥=

0. 00
-95.52
000

AROTMD THE ORIGIN-

0.00 Mi=

0. 00
95.92
000

AROTMD THE ORIGIN-

d.00 MI=

SUMMRRY (LOADING

SUMMRRY (LOADING

[X]

-443.62

[X]

443,62
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STAAD PLEME —— DAGE KO. 17
MRYIMUM DISPLACEMENTS ( CM /RBADIRNS) (LORDING Z})
MEXTMIMS AT KODE
X 0.00000E+00 a
¥ = Z.0BeTOE-01 5
Z = 0.00000E+00 a
L¥= 0.00000E+00 a
RY= 0.00000E+Q0 a
RZ= -4.03144E-03 2

EXTERNAL REMD INTERWAL JOIKT LOAD SUMMRRY ( KN  METE )-

JT EXT FX/ EXT F¥/ EXT FZ/ EXT M/ EET MY/ EXT MZ/
INT FX IRT FY INT FZ INT M INT MY INT M2
SUPPORT=1
13 0.0 -0.08 0.00 000 a0 -00
o.o00 -45._85 0.00 000 a.o0 -00 111110
20 o.00 -0.08 0.00 o.00 a.00 0.00
o.00 -45.85 0.00 0.00 (1) 0.00 111110

Skdk ek hakahd END OF DATA FROM INTEDNAL STORRGE *é#ewdbdidad

T8. FINISH

kkbhbkihdbd END OF THE STALD Dro DITN ~skékdbdsds

#%&% DATE= JUN 7,2018 TIME= 1Z:45: 5 #%+=
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STRED DLEME

—— PRGE RO.

L A A B SR SUAF SO S U B A U QIS ST AT RFAT AR S AR AT AF A

* For questions on STARD.Pro, please contact *
- Eentley Systems or Partner offices -
- -
* Telephons Web / Email *
* USSR +1 (714} 374-2500 e
* UK +44 [0) BOE 101 S524g *
* EIHGRPORE +&5 EZZ5-6158 *
* FRRNCE +32 (0) 1 55232400 *
* CGERMRNY +45 0331 4048 *
* INDIR +%1 (033) 400&-2021 *
“  JRDAN +81 (03)5952-6500 http://www_cte-g.ca.ip ¥
* CHINR +8& 21 8288 4040 e
* THRILRND +€6 ([0)Z€45-1018/1% partha.pfreisoftwareth.com*
- -
* Worldwide http://selectservices . kentley.com/en-TUS/ -
- -
B L L T L L E L Lt L L LT T
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B.2 Cylindrical pipe (upper pipe)

1.

R L L T T e T

STRAD Pro V2i SELECTseries3
Veraion 20.07.08.20
Proprietary Program of
Bentley Systems, Inc.
Data= JUN 7, 2018
Time= 12:48: 3

EEE N )
[}

USER ID: Subsea T =

B e L r L L T

STRRD SPRCE

INPUT FILE: upper pipe final OPERATIOHAL.STD

[T I O U I R ]

e e e e
L RO

(SR~

A

3 DLx LE L La G (3 L Ra Rd ORI OB RE R R RD R P
S R R DD M -] W

. START JOB INFORMATION

. ENCIKEER DATE 23-MAR-18

. JUB KRME MRESTER THESIS

. JUB CLIENT UIS

. JOB WO 3

- ENCINEER WRME E.-CHRTZIL

- END JOE INFORMATION

- INPUT WIDTH 75

- UNIT METELR EN

- JOINT COORDINATES

- 5 1.25482 0 0; 8 Z.75462 0 0; 15 6.0846Z 0 O0; 18 7.5546Z 0 0
- MEMBER INCIDENCES

- 318 15; 4 15 8; 58 5

- DEFINE MATERIAL START

- ISOTROPIC STEEL

- E Z_1E+008

. BOISECH 0.3

. DEWSITY Te.6155

- RLPHAR 1.2E-00&

. DRMP 0.03

. T¥PE STEEL

. STRERGIH FY 355000 FU 470000 RY 1.5 RT 1.2
- END DEFINE MATERILL

- MEMBER PROPERTY EURODERN

- 3 TO 5 TAELE ST Z15.1XZ0CHS

ONETRNTS

- MATERTAL STEEL ALL

. EUPPORTS

- 5 18 DINNED

- LORD 1 LORDTYPE DERD TITLE LIFTING CNSHORE
- EELFWEICHT ¥ -3.&62Z

- MEMEER LORD

4 CON ¥
4 CON ¥

0.3 0 0.10355
130.3 3.25 0.10955

. LOAD 2 LOADTYPE DEAD TITLE OPERATION
. SELFWEIGHT ¥ -2.33
38,

MEMEBER LOAD
4 CON ¥ -45.3¢

[ 45
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Thursday, June 07, 2018, 12:458 EM
STRRD SPRCE —— PREE HO. z

41. PERFORM AMNALYSIS

PROBLEM STATISTICS

NUMBER OF JOINTS/MEMBER+ELEMENTS/SUPPORTS = 4f 3/ 2

SOLVER USED IS THE OUT-0F-CORE BASIC SOLVER

ORIGTHAL/FIHAL BAND-WIDTH= 1/ i/ 12 DOF
TOTAL PRIMARY LOAD CASES = 2, TOTAL DEGREES OF FREEDOM = iz
SIEE OF STIEFFRESS MATRIE = 1 DOUEBLE KILO-WORDS
REORD/AVAIL. DISK SPACE = 12.0/ 22200.3 MB
**SWARNING — INSTRBILITY AT JOINT 18 DIRECTION = MK
PROBRELE CRUSE SINGULAR-ADDING WERE SPRING
E-MALTRIH DIRG= G5.52815&G5E+04 L-MATRIX DIAG= T.27555T76E-12 ECH NO 1s

*++NOTE — VERY WERE SPRING ADDED FOR STABILITY

**HMOTE** STIRRD DETECTS INSTAEILITIES AS EXCESSIVE LOSS OF SIGHIFICANT DIGITS
DURING DECOMPOSITION. WHEN A DECOHMPOSED DIAGONAL IS LESS THAN THE
BUILT-IN REDUCTION FACTOR TIMES THE ORIGIMAL STIFFWESS MATRIX DIAGONAL,
STRRD PRINTS A SINGULARITY WOTICE. THE BUILT-IN REDUCTION FACTOR
Is 1.000E-05

THE REQVE CONDITIONS COULD ARLSQ BE CRUSED EY VERY STIFF OR VERY WELRK
ELEMENTE AS WELL AS TRUE SINGULARITIES.

42 . PRRRMETER 3

43. CODE EN 1533-1-1:2005
44. SGR 4 RLL

45. TORSION 2 RLL

4€. GMD 1.15 RLL

47. GM1 1.15 RLL

48. TRACK Z ALL

4%. CHECK CODE RLL

STAAD.PRO CODE CHECKIKRG - EN 1533-1-1:200%

L e AU Qe AR AR A A AU RPRFAPIFA

NATIONRL AKNEX - HOT USED

PROGRREM CODE REVISION V1.5 BS_EC3_Z2005/1
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Thursday, June 07, 2018, 12:48 EM
STARD ETACE —— PRGE HO. a
ALL UNITS RRE - EN METE (UNLESS5 OTHEEWISE NOTED)
MEMEER TAELE RESULT/ CRITICAL COND/ RATIO/ LOADTIHG/
FX MY ME LOCATION
3 5T
0.888 1
0.00 0.00 208.35 1.51
MRTERIAL DRTR
CGrads of steel = £ 4&0
Modulus of elasticity = Z10 kN/mmZ
Design Strength (py = 4&0 N/mmz
SECTION PRODERTIES (units - cml
Membar Length = 151.00
Gross Area = 12500 Net RArea = 125.00
Z-axis y-axis
Moment of inertia : E261.000 EZ61.000
Plastic modulus : 795000
Elastic modulus H S571.520
Shear Area : 73577
Badius of gyration H 7.077
Effective Length H 151.000
LESIGH DRTR (units - kN, m) EUROCODE HO.3 fZ2008
Section Class : CLASS 1
Sguash Load H ETE0.00
Exial force/Sguash leoad o.000
GO - 1.18 GM1 - 1.15 GMZ - 1.Z5
Z-axis y-axis
Slenderness ratic (EL/r) : Z1.3 21.3
Compression Capacity H 488E8.4 4888.4
Tension Capacity H 4860.0 4860.0
Moment Capacity H 318.0 318.0
Beduced Moment Capacity 31B.0 318.0
Shear Capacity H 1837.8 1837.8
BUCELING CRLCULATIONS (units — kN,m)
Lateral Torsiocmal Buckling Moment M2 = 365.7
co-efficients C1 _K : Cl =1.000 E =1.0, Effective Length= 1.510
TORSION CALCULATIONE (units - kN, m)
Total Torsiconal Load T= 10.5
Effective Length for Torsion = 1.510
END1: Torsion Fixed, Warping Fized WNDZ: Torsion Fixed, Warping Fixed
Max. section forces _capacities: [@ = = 0.000] (units - EN,m)
Torsion at section = 28.5
Pure Torsion Component = o.a
Warping Torsion Component = -28.5
Pure Torsion Capacity = Z287.€
Warping Torsion Capacity = 0.0
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Thursday, June 07, 2018, 12:458 EM

STRRD SPRCE —— PREE HO. 4
ALL UNITS ARE - EN METE (UNLESS5 OTHERWISE NOTED)
MEMEER TRELE RESULT/ CRITICAL COND/ BATIOf LOADTHG/
FX MY ME LOCATION

CRITICRAL LOADS FOR EACH CLAUSE CHECHE (units— kN, m):

CLAUSE EATIC LOARD FX Y WZ HE MY

0.658 1 0.0 -13%.0 0.0 203.4 a.o

0.077 1 0.0 1£1.3 0.0 0.0 o.o

0.572 1 0.0 -138.0 0.0 2035.4 o.o
ADDITIOHRL CLRUSE CHECKS FOR TORSION (units- kN, m):

CLAUSE BATIC LOARD DIST FX Y VZ MEZ MY M
EC-6.2.7(1) 0.0585 1 0.0 0.0 141.3 0.0 0.0 0.0 ZE8.5
EC-£.2.7(3) 0.083 1 0.0 0.0 141.3 0.0 0.0 a.0 28.5
EC-£.2.7(5) 0.286 1 1.5 o.0 -138.0 0.0 203.4 0.0 ZE.5
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Thursday, June 07, 2015, 1Z2:48 FM
STRRD SFERCE —— PREE HO. 5
ALL UNITS ARE - EN METE (UNLESS OTHEEWISE HNOTED)
MEMEER TAELE RESULT/ CRITICAL COND/ RATIO/ LOADING/
FX MY MZ LOCATION
4 2T 215 . 1¥20CHS (EUROPERN SECTICNE)
DREE EC-€.2.7(5) 0.85% 1
o.o0 0.o0 213.52 1.52
MRTERILL DRTR
Grade of steel = 5 4&d
Hodulus of elasticity = 210 kH/mm2
Design Strength (py) = 480 H/mmZ
SECTICN PROPERTIES (units - cm)
Member Length = 323.00
Gross Rrea = 125.00 Net Area = 125.00
Z—axis y-axis
Moment of inertia EZ€1_000 EZ261.000
PFlastic modulus T735.000 T755.000
Elastic modulus 571520 571.520
Shear Area 5.577 75577
Badius of gyraticon 7.077 7.077
Effective Length 325.000 325.000
DESIGH DRTL (units - kN, m) EUROCODE HO.3 /2005
Section Class CLAES 1
Sguash Load ETEO_0OO
Axial foree/Squash load 0.000
GMOD 1.1%5 GH1 1.15 GMZ 1.25
Z-axis y-axis
Slenderness ratioc (EL/x) 4.5 4.5
Compression Capacity 4ZE5.8 4255 .8
Tension Capacity 4880.0 4860.0
Homent Capacity 318.0 318.0
Reduced Moment Capacity 318.0 318.0
Shear Capacity 1837.8 1837.8
BUCELING CRLCULATIONS (units - kN,m)
Lateral Teorsicnal Buckling Moment MEB = 3&5.7

co-efficients C1 _K : Cl =1.000 K =1.0,

Effective Length= 3.250

TORSICN CRLLCULATIONS (units - kN,ml

Total Torsicnal Load T = 10.5

Effective Length for Torsion = 3.250

END1: Torsion Fixed, Warping Fized ERDZ: Torsion Fixed, Warping Fixed
Max. section forces _capacities: [@ ® = 3.2%0] (units - kN, m)

Torsion at section = 285

Pure Torsion Component = o.o

Warping Teorsion Component = -2B.5

Pure Torsion Capacity = ZB7.E

Warping Teorsion Capacity = o.o
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Thursday, June 07, 2018, 12:48 BM

STARD SPRCE

—- BRGE HO. £
ALL UNITS ARE - KN METE (UNLESS OTHERWISE HOTED)
MEMBER TAELE RESULT/ CRITICAL COND/ RATIO/ LORDING/
FX My MZ LOCATION

CRITICRL LORDS FOR EACH CLRUSE CHECE (units— kN .m):

CLAUSE RATIO LORD FX ¥ VZ MZ MY
EC-&.2.5 0.873 1 0.0 0.0 0.0 2141 0.0
EC-g.2.6- (¥} 0.074 1 0.0 136.0 o.0 205.4 0.0
EC-£.3.2 LTE 0.5B5 1 0.0 0.0 0.0 2141 0.0
ADDITIONAL CLAUSE CHECES FOR TORSION (units— kN .m):

CLRUSE RATIO LORD DIST Fi{ e Wz MZ MY M
EC-&.2.7(1) 0.0S3 1 3.3 0.0 138.0 0.0 205.4 a.o Z8.5
EC-6.2.7(3) 0.080 1 3.3 0.0 13€.0 0.0 205.4 a.0 28.5
EC-£.2.7(E) 0.85& 1 1.8 0.0 -1.0 0.0 213.3 a.o 28.5
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STARD SPRCE —- BRGE HO. 7

ALL UNITS ARE - KN METE (UNLESS OTHERWISE HOTED)

MEMBER TAELE RESULT/ CRITICAL COND/ RATIO/ LORDING/
FX My MZ LOCATION

5 5T 215 _1X20CHE (EUROCPELN SECTIONS)
BRSE EC-6.2.7(5) 0.g847 1
0.00 0.00 205.35 0.00
MATERIAL DATR

Grads of steel = & 4&0
Modulus of elasticity = 210 kN/mmZ
Design Strength (py = 4&0 N/mmZ
TICH PROPERTIEE {(units - cm)
Member Length = 151.00
Gross Rrea = 125.00 Net Rrea = 125.00

Z-axis y-axis
Moment of inertia H &261.000 EZ8l.000
Plastic medulus H 7%5.000 T755.000
Elastic medulus : ET1.520 571.520
Shear Rrea H 75.877 T5.877
Radius of gyration H 7.077 7.077
Effective Length H 151._000 1s1.000

DESIGHN DATR (units — kN, m) EUROCODE HO.3 fZ00S

Section Class H
Sguash Load H
Axizl force/Sguash load
0 - 1.15 GM1 : GMZ - 1.25

z-axis y—axis
Slenderness ratioc (FL/r) - 21.3 21.3
Compression Capacity H 4BEE. & 48864
Tension Capacity H 4860 .0 4860.0
Moment Capacity H 318.0 3l8.0
Beduced Moment Capacity = 31B.0 318.0
Shesr Capacity H 1837 .8 1837.8

BUCELING CRLCULATIONS (units - kN,m)
Lateral Teorsicnal Buckling Moment MEB = 3E5.7
co—efficients C1 _K : Cl =1.000 K =1.0, Effective Length= 1.510

TORSION CRLCULATIONS (units - kN,m)
Total Torsicnal Load T = 0.0
Effective Length for Torsion = 1.E510
END1: Torsion Fixed, Warping Fixzed ERDZ: Torsion Fixed, Warping Fixed

Max. section forces _capacities: [@ = 3.250] (units - kMN,m)
Torsion at section = 8
Pure Torsion Component = 0.
Warping Torsion Component = -28
Pure Torsion Capacity T
Warping Torsion Capacity

1}
5]
)

]
=
oomom oo m oy
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Thursday, June 07, 2018, 12:48 BM

STARD SPRCE —- BRGE HO. ]
ALL UNITS ARE - KN METE (UNLESS OTHERWISE HOTED)
MEMBER TAELE RESULT/ CRITICAL COND/ RATIO/ LORDING/
FX My MZ LOCATION
CRITICRL LORDS FOR EACH CLRUSE CHECE (units— kN .m):
CLAUSE RATIO LORD FX ¥ VZ MZ MY
EC-&.2.5 0.658 1 0.0 -136.0 0.0 205.4 0.0
EC-g.2.6- (¥} 0.077 1 0.0 141.3 o.0 0.0 0.0
EC-£.3.2 LTE 0.572 1 0.0 -13&.0 0.0 205.4 0.0
ADDITIONAL CLAUSE CHECES FOR TORSION (units— kN .m):
CLRUSE RATIO LORD DIST Fi{ e Wz MZ MY M
EC-&.2.7(3) 0.077 1 1.5 0.0 141.3 0.0 0.0 a.o 0.0
EC-6.Z2.7(E) 0.847 1 0.0 0.0 -13€.0 0.0 205.4 a.0 0.0

wkwkwReNshdkNes TND OF TABULATED BESULT OF DESICH #swdwesdamadds

50. PERFORM AMALYSIS PRINT ALL
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STRAD SPACE -- DARGE KO. 5
LOADING 1 LORDTYPE DERD TITLE LIFTING OHSHORE

SELFWEIGHT Y -3.620
ACTUAL WEIGHT OF THE STRUCTURE = €.055 EN
MEMEER LOAD - UNIT EN  MEIE
MEMEER UDL 11 Lz coM L LIN1 LINZ
4 -130.3000 Y .00
4 -130.3000 Y 325
LOADING 2 LORDTYPE DERD TITLE OPERATIOMAL
SELFWEIGHT Y -2.330
ACTUAL WEIGHT OF THE STRUCTURE = &.0553 EN
MEMEER LOAD - UNIT EN  METE
HEMEER UL 11 Lz con L LIN1 LINZ
4 —-45.5600 ¥ 000
4 —49.5e00 ¥ 3.28
**SHERNING - INSTABILITY AT JOINT 18 DIRECTION = ME
DROERELE CRUSE SINGULAR-ADDING WERE SPRING
E-MATRIX DIRG= G5_592B818365E+04 L-MATRIX DIAG= T.2755576E-12 ECH NO le

*&*NOTE — VERY WERE SDRING ADDED FOR STRBILITY

**NOQTE** STARRD DETECTS INSTAEILITIES RS EXCESSIVE LOSS OF SIGHIFICARNT DIGITS
DURING DECOMPOSITION. WHEN R DECOMDOSED DIACOMAL IS LESS THAN THE
BUILT-IN REDUCTION FACTOR TIMES THE ORIGIMNAL STIFFNESS MATRIX DIAGONAL,
STRAD PRINTS 2 SINGULARITY MOTICE. THE BUILT-IN REDUCTION FACTOR

Is 1.000E-05

THE REOVE CONDITICNS COULD RLSC BE CRUSED EY VERY STIFF OR VERY WERK

ELEMENTS RS WELL AS TRUE SIMGULARITIES.

FOR LOADING - 1
APPLIED JOINT EQUIVALENT LORDS
JOINT FORCE-X FORCE-Y

FORCE-Z HOH-X

MOM-Y

MOM-Z

S 0.00000E+00-2.62444E+00 0.00000E+0C O0.00000E+00 O.00000E+00-£.60485E-0L
8 0.00000E+00-1_3B8BE43E+02 0.00000E+00-1.42744E+01 0.00000E+00-2.47532E+00
15 0. 00000E+00-1.38642E+02 O_00000E+400-1.42744E+01 0.00000E+00 2. 47E33E+00
18 0.00000E+00-2.62444E+00 O_00000E4+00 0.00000E+00 O.00000E+00 €.6048SE-0L
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Thursday, June 07, 2018, 12:48 PM
STARD SPRCE -— BPRGE HO. 10
STATIC LORD/RERCTION/EQUILIBRIUM SUMMARY FOR CRSE HO. 1

LOADTYPE DEAD TITLE LIFTING OMSHORE

CENTER OF FORCE BRSED ON ¥ FORCES ONLY (METE) .
(FORCES IN NOW-GLOBAL DIRECTICHS WILL INVALIDATE RESULIS)

X = 0.443562000E+01
¥ = 0.000000000E400
Z = -0.1010452€1E+00

#*+TOTRL RFPLIED LOAD ( EN METE | SMMARY (LORDING 11
SUMMATION FORCE-X = 0.00
STMMATION FORCE-Y = -252.53
SUMMATION FORCE-Z = 0.00

SUMMATION OF MOMENTS AROUND THE ORIGIN-

M= -25.5% M¥= a.00 Mz= -1254.34
#%+TOTRL BEACTION LORD( EN METE | SUMMRRY (LORDING 11
SUMMATION FORCE-X = 0.o00
SUMMATION FORCE-Y = 282 .53
SUMMATION FORCE-Z = 0.o00

SUMMATIGN OF MOMENTS ARCUND THE CRIGIN-

M= 0.00 My= a.00 Mi= 1254.34
MRXIMIOM DISPLACEMENTS ( CM /RADIANS) (LOADING 1}
MI{TMIME LT KODE
X = 0.00000E+00 a
¥ = -5_26T702E+00 15
Z = 0.00000E+00 a
R¥= -4_Z&230E+04 a2
RY= 0.00000E+00 a
RZ= 3_56BZ1E-02 is

EXTERMAL AND INTERNWAL JOINT LOAD SUMMARY ( KN  METE )-

JT EXT FX/ EXT FY/ EXT FZ/ EXT MX/S EXT MY/ EXT MZ/
INT FX INT FY INT FZ INT Mx IRT MY INT MZ
SUFPORT=1
3 o.o00 -2.62 0.00 o.00 0.00 -0.e€
0.00 -138.64 0.00 o.00 0.00 0.8 111000
18 0.00 -Z_.82 0.00 o.00 0.00 0.g8
0.o00 -138.64 0.00 -28_.56 0.00 -0.e& 111000
FOR LORDING - 2
APPLIED JOINT EQUIVALENT LORDS
JOINT FORCE-X FORCE-Y FORCE-Z MOM-E MOM-Y MOM-Z

S 0.00000E+00-1.683Z1E+00 O.00000E400 O.00000E+00 0.00000E+00-4_Z5115E-01
& 0.00000E+00-5.53237E+01 0.00000E+00-5.4731ZE+00 0.00000E+00-1_53314E+00
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Thursday, June 07, 2018, 12:48 PM
STARD SPACE —— PRGE HO. 11

APDLIED JOINT EQUIVALENT LOLDS

JOINT FORCE-X FCRCE-Y FORCE-Z HOH-X MY HMOM-Z
15 0.00000E+00-5.53257E+01 O0_00000E400-5.47312E+00 0.00000E+00 1.G5S31EE+00
18 0.00000E+00-1_68%Z1E+00 O_00000E+400 O.00000E+00 0.00000E+00 4.2511SE-01

STATIC LOAD/REACTION/EQUILIBRIUM SUMMRRY FOR CASE KHO. 2
LORDTYDE DERD TITLE OPERATIOHRL

CENTER OF FORCE ERSED ON ¥ FORCES ONLY (METE) .
(FORCES IN NON-GLOBRL DIRECTIONS WILL INVALIDATE RESULTS)

X = 0.4435c2001E+01
¥ 0_000000000E+00
Z = -0_.955877871E-01

*#*+TQOTRL APPLIED LORD ( EN METE | SUMMERY (LORDING

[}

SUMMRTION FORCE-X = 0.00
SUMMRTION FORCE-Y = -114.04
SUMMRTION FORCE-Z = 0.00

SUMMATION OF MOMENTS AROUND THE ORIGIN-
M= =10.5%5 My¥= 0.00 MzZ= -50E.28

##*TQOTRAL BERCTION LOAD( EN METE | SUMMRRY (LORDING

[

STMMARTION FORCE-X = .00
SUMMRTION FORCE-Y = 114.04
SUMMRTION FORCE-Z = 0.00

SUMMATION OF MOMENTS AROUND THE ORIGIN-

M= 0.00 My= 0.00 MzZ= L0E.28
MRYIMUM DISPLACEMENTS ( CM /RRDIANS) (LORDING 2}
MEXTMIMS AT KODE
H = 0.00000E+00 a
¥ = -2_1178cE+00 ]
Z = 0.00000E+00 a
BH= -1.6342EE+04 1
BE¥= O0.00000E+00 a
RZ= 1.58518E-02 13

EXTERNAL AND INTERNAL JOINT LOAD SUMMARRY ( BN  METE |-

JT EXT Fi/ EXT FY/ EXT FZ/ EXT MX/S EXT MY/ EXT MZ/
INT FX IRT FY INT FZ INT MX IRT MY INT MEZ
SUFPORT=1
5 o.00 -1.69 0.00 o.00 0.00 -0.43
0.00 -55.33 o.00 o.00 000 0.43 111000
18 o.00 -1.69 0.00 o.00 0.00 0D.43
0.00 -55.33 o.00 -10.585 000 -0.42 111000
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Thursday, June 07, 2018, 12:48 PM
STARD SPACE —— PRGE HO. 1z

akdbhkkihdkd END OF DATE FROM THNTEDNAL STODACE *ékébdbdbdad

51. FINISH

kbbb kahibs END OF THE STRAD.Dro RIN *éwébssbdiss
“#&+ DRTE= JUN 7,2018 TIME= 12:48: § #%*=*

L L L T T T N Y T L L]

For questions on STARD.Pro, please contact *

Bentley Systems or Partner offices
- -
* Telephonsa Web / Email *
* TSR +1 (714} 574-ZE00 *
* TK +44 (0] BO2 101 B24¢ *
* GESINCGRPORE +&5 €2ZE-E158 *
* FRENCE +33 (0] 1 55238400 *
*  CERMRNY +45 0531 404€R *
* INDIR +51 (033) 400e-2021 *
%  JLPEN +81 [03)E552-6500 http://www.cte-g.co.jp ¥
* CHINR +8E Z1 B282 4040
* THRILAND +&& ([0)ZE845-1018/15 partha_ plreisoftwareth.com*
- -
* Worldwide http://selectservices.bentley.con/en-US/ *
- -
S I e

C:vWUeers\s557nl1827 \Desktep\0ffshore Technology\dth Ssmester\MS5c Thesis'\Calculations\Offshors Lift\Uppsr Fips\uppsr D

Page|B.29



Universitetet
i Stavanger

b

subses 7

APPENDIX C:
Inventor spur gear design

Spur Gears Component Generator

ﬂ’ Design fg Calaulation FHd =B A
Common € 1.6303ul A |[€
Design Guide Pressure Angle Helix Angle i
Module and Number of Teeth v| [20deg v | odeg >4 (g, s
Desired Gear Ratio Unit Corrections Guide d 72.000 mm
[internal In Gear Ratio v| | 62.378 mm
Module Center Distance Total Unit Correction Xz 0.5871ul
[ 4.000 mm |[ 195 v| [o.2548ul B Preview... *p 0.03%27

Xd -0.1482ul
Gear1 - Gear2 ) s. 0.6688 ul
eponen ¥1| R | cyiindrical Face Sapoos Y11 R | cyiindrical Face be 0.6944ul
Number of Teeth Number of Teeth Gear 2
] e e e T
Facewidth Unit Correction Facewidth Unit Correction d 316.000 mm
[50mm >|[0.0473ul [s0mm >|[0.2075ul ] % e
v -1 774%.4

= .2 -

@ Calculate oK | Cancel

Input Type Size Type Reaching Center Distance

(®) Gear Ratio (® Module (®) Teeth Correction

Number of Teeth (O Diametral Pitch (O Helix Angle

Unit Tooth Sizes

Gear 1 [CGear 2

Adirian a= [1.0000ul ~|[ 1.0000ul |

Clearance = | 0.2500 ul V“ 0.2500 ul |

Root Fillet re [0.2500ul ~|[0.2500u |

Spur Gears Component Generator n'
«
ﬁ" Design fg Calculation [ H 5 @ |
Method of Strength Calculation Results 1% |
ANSI/AGMA 2001-D04:2005 v| |Fe 74919.373N
" F. 28447.609 N
Loads
Gear 1 Gear 2 Fs 0.000N
Power p [11356kw 10.788 kW Fa 8018 8N
2 5| ot v 0.151 mps
Iy g
Speed # B L Nt 18343, 160 rpm
Torque T [2711Nm >|[11303.364Nm | | ceart
Efficiency n |0.95ul > ke 0.531ul
. g |
Material Values X i
= - Gear 2
Gear 1 |14nicr18 sl | [ 0.577dl
Gear 2 |14niCr18 arl kg 0.566 ul
Allowable Bending Stress Sa [483.0MPa |[483.0MPa I
Allowable Contact Stress Sac | 1550.0 MPa | | 1550.0 MPa |
Modulus of Elasticity E [ 206000 MPa || 206000 MPa |
Poisson's Ratio 0 I 0.300 ul I I 0.300ul I
Required Life Ly | 10000 hr >
Factors Accuracy «
¥ ¥
@ Calculate oK Cancel >>
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Common Factors e — I Results
ear ear e
Overload Factor K - T
Dynamctachon Ky e 0.531ul
Size Factor K [ .000ul >|[1.000u > [ka 0.545ul
Reliability Factor Kg | 1.000ul > _ Gear2
Temperature Factor Ky :‘ E z;; Z:
Load Distribution Factor K | L114u | [1114ul |
Lead Correction Factor Cine l 1.000 ul > ‘ | 1.000 ul > ]
Mesh Alignment Correction Factor C |1.000ul >
Pinion Proportion Modifier Com
Mesh Alignment Factor Cms | Extra Predsion Endosed Gear Units v
Factors for Contact
Surface Condition Factor Cs l 1.000 ul > ’ l 1.000 ul > ]
Stress Cyde Factor Iy ‘ 0.952ul ‘ ‘ 1.034ul ‘
Hardness Ratio Factor Cy ‘ 1.000 ul > ’ ‘ 1.000 ul > ‘
Geometry Factor I
Factors for Bending
Reverse Loading Factor VA l 1.000ul > | [ 1.000 ul > ]
Rim Thickness Factor Kg [1.000u >| [ L.oooul >]
Stress Cyde Factor vy [0.972ul |[1020u |
Geometry Factor ] ‘ 0.492ul \ ‘ 0.487ul ‘
] [Cuser Factors oK oy

Spur Gears Component Generator (Version: 2015 (Build
190159000, 159))

25/5/2018

Design Guide - Module and Number of Teeth

Unit Corrections Guide - In Gear Ratio

Type of Load Calculation - Power calculation for the specified torque and speed
Type of Strength Calculation - Check Calculation

Method of Strength Calculation - ANSI/AGMA 2001-D04:2005

B Common Parameters

Gear Ratio i 4.3889 ul
Desired Gear Ratio iin | 4.5000 ul
Module m | 4.000 mm
Helix Angle B | 0.0000 deg
Pressure Angle a [20.0000 deg
Center Distance aw [ 195.000 mm
Product Center Distance a [194.000 mm
Total Unit Correction 3x | 0.2548 ul
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Circular Pitch p | 12.566 mm

Base Circular Pitch ptb| 11.809 mm

Operating Pressure Angle aw [20.7923 deg

Contact Ratio € 1.6303 ul

Limit Deviation of Axis Parallelity |fx | 0.0140 mm

Limit Deviation of Axis Parallelity |fy | 0.0070 mm

B Gears
Gear 1 Gear 2

Type of model Component | Component
Number of Teeth z 18 ul 79 ul
Unit Correction 0.0473 ul 0.2075 ul
Pitch Diameter 72.000 mm |316.000 mm
Outside Diameter da | 80.340 mm |325.622 mm
Root Diameter df | 62.378 mm [307.660 mm
Base Circle Diameter db | 67.658 mm [296.943 mm
Work Pitch Diameter dw | 72.371 mm [317.629 mm
Facewidth b | 50.000 mm | 50.000 mm
Facewidth Ratio br | 0.6944 ul 0.1582 ul
Addendum a* | 1.0000 ul 1.0000 ul
Clearance c* | 0.2500 ul 0.2500 ul
Root Fillet rf* | 0.2500 ul | 0.2500 ul
Tooth Thickness s 6.421 mm | 6.887 mm
Tangential Tooth Thickness st | 6.421 mm | 6.887 mm
Chordal Thickness tc | 5.670 mm | 6.082 mm
Chordal Addendum ac | 3.138 mm | 3.704 mm
Chordal Dimension W | 30.659 mm [117.174 mm
Chordal Dimension Teeth w 3.000 ul 10.000 ul
Dimension Over (Between) Wires|M | 85.327 mm [329.429 mm
Wire Diameter dm | 8.007 mm | 7.500 mm
Limit Deviation of Helix Angle FB | 0.0140 mm | 0.0150 mm
Limit Circumferential Run-out Fr | 0.0220 mm | 0.0380 mm
Limit Deviation of Axial Pitch fpt | 0.0090 mm | 0.0110 mm
Limit Deviation of Basic Pitch fpb | 0.0085 mm | 0.0100 mm
Virtual Number of Teeth zv | 18.000 ul 79.000 ul
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Virtual Pitch Diameter dn | 72.000 mm |316.000 mm
Virtual Outside Diameter dan | 80.340 mm |325.622 mm
Virtual Base Circle Diameter dbn | 67.658 mm |296.943 mm
Unit Correction without Tapering |xz | 0.5871 ul | -1.2742 ul
Unit Correction without Undercut (xp | 0.0327 ul | -3.5351 ul
Unit Correction Allowed Undercut |xd | -0.1482 ul | -3.7160 ul
Addendum Truncation k 0.0048 ul 0.0048 ul
Unit Outside Tooth Thickness sa | 0.6688ul | 0.7779 ul
Tip Pressure Angle aga [32.6328 deg|24.2272 deg
=3 o =
| | .
[ ! [
=} d =
= d =
=} ds =
= Loads
Gear 1 Gear 2
Power P 11.356 kW 10.788 kW
Speed n 40.00 rpm 9.11 rpm
Torque T |2711.000 N m [11303.364 N m
Efficiency 0.950 ul
Radial Force Fr 28447.609 N
Tangential Force Ft 74919.373 N
Axial Force Fa 0.000 N
Normal Force Fn 80138.498 N
Circumferential Speed |v 0.151 mps
Resonance Speed nEl|18343.160 rpm
B Material
Gear 1 Gear 2
14NiCr18 14NiCr18
Ultimate Tensile Strength |Su MPa MPa
Yield Strength Sy MPa MPa
Modulus of Elasticity E |MPa MPa
Poisson's Ratio u 0.300 ul 0.300 ul Pagecd
Allowable Bending Stress |sat | 483.0 MPa | 483.0 MPa
Allowable Contact Stress |sac | 1550.0 MPa | 1550.0 MPa
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Hardness in Tooth Core [JHV 210 ul 210 ul
Type of Treatment type 4 ul 4 ul

= Strength Calculation

ElFactors of Additional Load

Overload Factor Ko 1.000 ul

Dynamic Factor Kv 1.014 ul

Size Factor Ks 1.000 ul 1.000 ul
Reliability Factor KR 1.000 ul

Temperature Factor kt 1.000 ul

Load Distribution Factor Km 1.114 ul 1.114 ul

Lead Correction Factor Cmc 1.000 ul 1.000 ul

Mesh Alignment Correction Factor |Ce 1.000 ul

Pinion Proportion Modifier Cpm 1.000 ul

Mesh Alignment Factor Cma |Commercial Enclosed Gear Units (0.0578)

[E] Factors for Contact

Surface Condition Factor |Cf {1.000 ul {1.000 ul
Stress Cycle Factor ZN |0.952 ul|1.034 ul
Hardness Ratio Factor |CH|1.000 ul|1.000 ul
Elastic Factor Cp 2285.933 ul
Geometry Factor I 0.109 ul

[E Factors for Bending

Reverse Loading Factor |Ya |1.000 ul|{1.000 ul
Rim Thickness Factor |KB|1.000 ul|1.000 ul
Stress Cycle Factor YN|0.972 ul|1.020 ul
Geometry Factor J 10.492 ul|0.487 ul

= Results

Factor of Safety from Pitting kf 10.531 ul |0.577 ul
Factor of Safety from Tooth Breakage |kn |0.545 ul|0.566 ul

Check Calculation Negative
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APPENDIX D:
Ansys report

3.juni 2018
16:14

Project
First Saved Wednesday, May 23, 2018
Last Saved Sunday, June 03, 2018
Product Version 14.5.7 Release

Save Project Before Solution | No

Save Project After Solution No
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Contents
*  Units
« Model (84
o Geometry
* Parts

Coordinate Systems
o Connections

+ Contacts

" Frictionless - thesispinion To thesisgear

o Mesh

* Face Sizing
o Static Structural (A5)
*  Analysis Settings
* Lloads

« Splution (A6

" Splution Information

=

"  Results
*  Contact Tool
* Results

« Material Data

o Structural Steel

Units

TABLE 1
Unit System Metric (mm, kg, N, s, mV, mA) Degrees rad/s Celsius
Angle Degrees

Rotational Velocity | rad/s

Temperature Celsius

Model (A4)

Geometry
TABLE 2
Model (A4) > Geometry

Object Name Geometry

State Fully Defined

Definition

Source C:\Users\ss7n1827\Desktop\Thesis\thesis_renos1.stp
Type Step

Length Unit Meters

Element Control Program Controlled
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Display Style Body Color
Bounding Box

Length X 325,98 mm
Length Y 425,96 mm
Length Z 50, mm
Properties

Volume 1,6495e+006 mm?
Mass 12,949 kg
Scale Factor Value 1,
Statistics

Bodies 2

Active Bodies 2

Nodes 289226
Elements 64827
Mesh Metric None
Basic Geometry Options

Solid Bodies Yes
Surface Bodies Yes

Line Bodies No
Parameters Yes
Parameter Key DS
Attributes No

Named Selections No
Material Properties No
Advanced Geometry

Options

Use Associativity Yes
Coordinate Systems No

Reader Mode Saves No

Updated File
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Use Instances

Smart CAD Update
Attach File Via Temp File
Temporary Directory
Analysis Type

Mixed Import Resolution

Decompose Disjoint
Geometry

Enclosure and Symmetry
Processing

TABLE 3
Model (A4) > Geometry > Parts

Object Name

State

Graphics Properties
Visible

Transparency
Definition
Suppressed

Stiffness Behavior
Coordinate System
Reference Temperature
Material

Assignment
Nonlinear Effects
Thermal Strain Effects
Bounding Box

Length X

Length Y

Length Z

Yes

No

Yes
C:\Users\ss7n1827\AppData\Local\Temp
3-D

None

Yes

Yes

thesisgear thesispinion

Meshed

Yes

No

Flexible

Default Coordinate System

By Environment

Structural Steel

Yes

Yes

325,98 mm 80,777 mm
325,93 mm 80,171 mm
50, mm
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Properties

Volume

Mass

Centroid X

Centroid Y

Centroid Z

Moment of Inertia Ipl
Moment of Inertia Ip2
Moment of Inertia Ip3
Statistics

Nodes

Elements

Mesh Metric

Coordinate Systems
TABLE 4

1,4957e+006 mm? 1,5384e+005 mm?3
11,741 kg 1,2076 kg
-4,9852e-002 mm 21,194 mm
7,2334e-003 mm 193,87 mm

25, mm

1,2367e+005 kg-mm? 748,73 kg-mm?
1,236e+005 kg:-mm? 748,73 kg-mm?
2,4231e+005 kg-mm? 995,21 kg-mm?
66119 223107

13336 51491

None

Model (A4) > Coordinate Systems > Coordinate System

Object Name
State
Definition

Type

Global Coordinate System

Fully Defined

Cartesian

Coordinate System ID |0,

Origin
Origin X
Origin Y

Origin Z

Directional Vectors

X Axis Data
Y Axis Data
Z Axis Data

Connections

[1,0,0,]
[0'1'0']

[0'0'1']
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TABLE 5
Model (A4) > Connections

Object Name
State

Auto Detection

Connections

Fully Defined

Generate Automatic Connection On Refresh | Yes

Transparency

Enabled

TABLE 6
Model (A4) > Connections > Contacts

Object Name
State

Definition
Connection Type
Scope

Scoping Method
Geometry

Auto Detection
Tolerance Type
Tolerance Slider
Tolerance Value
Use Range
Face/Face
Face/Edge
Edge/Edge
Priority

Group By

Search Across
TABLE 7

Yes

Contacts

Fully Defined

Contact

Geometry Selection

All Bodies

Slider

0,

1,4144 mm
No

Yes

No

No

Include All
Bodies

Bodies

Model (A4) > Connections > Contacts > Contact Regions

Object Name Frictionless - thesispinion To thesisgear
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State

Scope

Scoping Method
Contact

Target

Contact Bodies

Target Bodies
Definition

Type

Scope Mode

Behavior

Trim Contact
Suppressed

Advanced
Formulation
Detection Method
Penetration Tolerance
Interface Treatment
Normal Stiffness
Normal Stiffness Factor
Update Stiffness
Stabilization Damping Factor
Pinball Region

Pinball Radius

Time Step Controls
FIGURE 1

Fully Defined

Geometry Selection
1 Face

1 Face

thesispinion

thesisgear

Frictionless

Manual

Program Controlled
Program Controlled

No

Augmented Lagrange
Program Controlled
Program Controlled
Adjust to Touch
Manual

1,

Program Controlled

None

Model (A4) > Connections > Contacts > Frictionless - thesispinion To thesisgear > Figure
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Mesh

TABLE 8

Model (A4) > Mesh
Object Name Mesh
State Solved
Defaults
Physics Preference Mechanical
Relevance 0
Sizing
Use Advanced Size Function Off
Relevance Center Coarse
Element Size Default
Initial Size Seed Active Assembly
Smoothing Medium
Transition Fast
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Span Angle Center
Minimum Edge Length
Inflation

Use Automatic Inflation
Inflation Option
Transition Ratio
Maximum Layers

Growth Rate

Inflation Algorithm

View Advanced Options
Collision Avoidance

Gap Factor

Maximum Height over Base
Growth Rate Type
Maximum Angle

Fillet Ratio

Use Post Smoothing
Smoothing Iterations
Patch Conforming Options
Triangle Surface Mesher
Advanced

Shape Checking

Element Midside Nodes
Straight Sided Elements
Number of Retries

Extra Retries For Assembly
Rigid Body Behavior

Mesh Morphing

Defeaturing

Coarse

2,67530 mm

None
Smooth Transition
0,272

5

1,2

Pre

Yes

Stair Stepping
0,5

1

Geometric
140,0°

1

Yes

Program Controlled

Standard Mechanical
Kept

No

0

Yes

Dimensionally Reduced

Disabled
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Pinch Tolerance

Please Define

Generate Pinch on Refresh

No

Automatic Mesh Based Defeaturing | On

Defeaturing Tolerance Default
Statistics
Nodes 289226
Elements 64827
Mesh Metric None
TABLE 9
Model (A4) > Mesh > Mesh Controls
Object Name Face Sizing
State Fully Defined
Scope
Scoping Method | Geometry Selection
Geometry 6 Faces
Definition
Suppressed No
Type Element Size
Element Size 0,2 mm
Behavior Soft

FIGURE 2
Model (A4) > Mesh > Figure
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Static Structural (A5)

TABLE 10
Model (A4) > Analysis

Object Name

State

Definition

Physics Type

Analysis Type

Solver Target

Options

Environment Temperature

Generate Input Only

TABLE 11

Static Structural (A5)

Solved

Structural
Static Structural

Mechanical APDL

22,°C

No

Model (A4) > Static Structural (A5) > Analysis Settings

Object Name

State

Step Controls
Number Of Steps
Current Step Number
Step End Time

Auto Time Stepping
Solver Controls
Solver Type

Weak Springs

Large Deflection
Inertia Relief

Restart Controls
Generate Restart Points

Retain Files After Full
Solve

Nonlinear Controls

Analysis Settings

Fully Defined

Program Controlled

Program Controlled
Program Controlled
Off

off

Program Controlled

No
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Force Convergence
Moment Convergence

Displacement
Convergence

Rotation Convergence
Line Search
Stabilization

Output Controls
Stress

Strain

Nodal Forces

Contact Miscellaneous
General Miscellaneous
Store Results At

Max Number of Result
Sets

Analysis Data
Management

Solver Files Directory
Future Analysis

Scratch Solver Files
Directory

Save MAPDL db
Delete Unneeded Files
Nonlinear Solution
Solver Units

Solver Unit System

FIGURE 3

Program Controlled
Program Controlled

Program Controlled

Program Controlled
Program Controlled

off

Yes
Yes
No
No
No
All Time Points

Program Controlled

\\noforufs02\homeS\SS7N1827\dpO\SYS\MECH\

None

No
Yes
Yes
Active System

nmm

Model (A4) > Static Structural (A5) > Figure
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A: Stati6
Figure
03.06.2015

[B] Fixed Suppo
[B] Frictionless Sdp
B Moment: 2,711 e-+IBGN
[D] Remate Displacement *

s

TABLE 12
Model (A4) > Static Structural (A5) > Loads
Object Name | Fixed Frictionless Moment Remote
Support Support Displacement

State Fully Defined

Scope

Scoping Geometry

Method Selection

Geometry 1 Face 4 Faces

Coordinate Global

System Coordinate
System

X Coordinate 1,9054 mm

Y Coordinate 17,85 mm

Z Coordinate 25, mm

Location Defined

Definition

Type Fixed Frictionless Moment Remote

Support Support Displacement
Suppressed | No
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Define By

Vector

Magnitude

2,711e+006 N-mm
(ramped)

Direction

Defined

Behavior

Deformable

X
Component

0, mm (ramped)

Y
Component

0, mm (ramped)

Z
Component

0, mm (ramped)

Rotation X

Free

Rotation Y

Free

Rotation Z

Free

Advanced

Pinball
Region

All

FIGURE 4
Model (A4) > Static Structural (A5) > Moment

2711846

246

2846

1,6e+6 —

1,266 —

Be+s—

4845

0,

FIGURE 5

Model (A4) > Static Structural (A5) > Remote Displacement
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Solution (A6)

TABLE 13
Model (A4) > Static Structural (A5) > Solution
Object Name Solution (A6)
State Solved
Adaptive Mesh Refinement
Max Refinement Loops 1,
Refinement Depth 2,
Information
Status Done
TABLE 14
Model (A4) > Static Structural (A5) > Solution (A6) > Solution Information
Object Name Solution Information
State Solved

Solution Information

Solution Output Solver Output
Newton-Raphson Residuals 0

Update Interval 2,5s

Display Points All

FE Connection Visibility
Activate Visibility Yes
Display All FE Connectors

Draw Connections Attached To | All Nodes
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TABLE 15

Line Color
Visible on Results
Line Thickness

Display Type

Connection Type
No
Single

Lines

Model (A4) > Static Structural (A5) > Solution (A6) > Results

Object Name
State

Scope

Scoping Method
Geometry
Definition

Type

By

Display Time

Calculate Time History

Identifier

Suppressed

Integration Point Results

Display Option
Results
Minimum

Maximum

Minimum Occurs On

Maximum Occurs On

Information
Time

Load Step
Substep

Iteration Number

Equivalent Stress

Solved

Total Deformation

Geometry Selection

All Bodies

Equivalent (von-Mises) Stress

Time
Last

Yes

No

Averaged

5,7436e-003 MPa
1074,6 MPa
thesisgear

thesispinion

Total Deformation

0, mm

0,37979 mm

Page|D.16



Universitetet
1S i Stavanger subsea 7

FIGURE 6
Model (A4) > Static Structural (A5) > Solution (A6) > Equivalent Stress > Figure 3

TABLE 16

Model (A4) > Static Structural (A5) > Solution (A6) > Contact Tools
Object Name Contact Tool
State Solved
Scope

Scoping Method | Geometry Selection

Geometry 2 Faces
Model (A4) > Static Structural (A5) > Solution (A6) > Contact Tool

Name Contact Side

Frictionless - thesispinion To thesisgear | Both

TABLE 17
Model (A4) > Static Structural (A5) > Solution (A6) > Contact Tool > Results
Object Name Status Pressure
State Solved
Definition
Type Status Pressure
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FIGURE 7

By

Display Time

Calculate Time History

Identifier

Suppressed

Integration Point Results

Display Option
Information

Time

Load Step

Substep

Iteration Number
Results

Minimum

Maximum

Minimum Occurs On

Maximum Occurs On

Time
Last

Yes

No

Averaged

0, MPa
1352,5 MPa
thesisgear

thesispinion

Model (A4) > Static Structural (A5) > Solution (A6) > Contact Tool > Pressure > Figure
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e 0,000 10,000 () L—' A
C —

150,27
0 Min 5,000

Material Data

Structural Steel
TABLE 18
Structural Steel > Constants

Density 7,85e-006 kg mm~-3

Coefficient of Thermal Expansion | 1,2e-005 CA-1

Specific Heat 4,34e+005 mJ kgn-1 CA-1
Thermal Conductivity 6,05e-002 W mm~”-1 CA-1
Resistivity 1,7e-004 ohm mm

TABLE 19
Structural Steel > Compressive Ultimate Strength

Compressive Ultimate Strength MPa

850,

TABLE 20
Structural Steel > Compressive Yield Strength

Compressive Yield Strength MPa

550,

TABLE 21
Structural Steel > Tensile Yield Strength
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Tensile Yield Strength MPa

885,
TABLE 22

Structural Steel > Tensile Ultimate Strength

Tensile Ultimate Strength MPa

1130,
TABLE 23

Structural Steel > Isotropic Secant Coefficient of Thermal Expansion

Reference Temperature C

22,
TABLE 24

Structural Steel > Alternating Stress Mean Stress

Alternating Stress MPa
3999,
2827,
1896,
1413,
1069,
441,
262,
214,
138,
114,

86,2

TABLE 25
Structural Steel > Strain-Life Parameters

Strength Strength Ductility
Coefficient Exponent | Coefficient
MPa

920, -0,106 0,213

Cycles
10,

20,

50,

100,
200,
2000,
10000
20000
1,e+005
2,e+005

1,e+006

Ductility
Exponent

-0,47

Mean Stress MPa

Cyclic Strength | Cyclic Strain
Hardening
Exponent

Coefficient
MPa

1000,

0,2
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TABLE 26
Structural Steel > Isotropic Elasticity

Temperature | Young's Modulus Poisson's Bulk Modulus
C MPa Ratio MPa

206000 0,30 67647
TABLE 27

Structural Steel > Isotropic Relative Permeability

Relative Permeability

10000

Inserted from

Shear Modulus
MPa

79300

<file://C:\Users\ss7n1827\AppData\Roaming\Ansys\v145\Mechanical Report\Mechanical Report.htm>
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APPENDIX E:
Structural checks

Project: Master Thesis 2018 Multi-handling mechanism Page: 1 of 11
Client: UiS Originator: Eirinaios Chatzillari
Checker:

Structural checks for the final handling mechanism

References

1! EN1993-1-8 Eurccode 3: Design of Steel Structures, part 1-1: General Rules and Rules for Buildings

12/ EN1993-1-8 Eurccode 3: Design of Steel Structures, part 1-8: Design of Joints, 2005

130 DNV-0S-C101, Design of Offshore Steel Structures, General, 2004

141 Morsok N-004, Structural Design

I8 www.astrup.no/Matenaler-Produkter/Matenaler/Plast-Teknisk/PA-POM-PET

/&6/ EN 130 13525-8:2005: Part 8: Remotely Operated Vehicle (ROV) interfaces on subsea production systems

[Tl Arthur P. Boresi and Richard J. Schmidt, Advanced Mechanics of Matenials, 6th ed., Wiley, New York, 2003,
pp.589-623.

General:

This calculation sheet covers the structural checks of the following components:

a) Panel plate and POM cross section resistance against contact compressive forces
b) Structural integrity of ROV bucket bolts

¢} Weld check of the stem

-2 -2 _ _
Uhnits: kN = 1000-newton  g-= 9.8lm-s Te = ltonne MPa:= 1-N-mm Nm = N-m
AN

AR

GENERIC INPUT PARAMETERS

Yield strength Tensile strength
Material 5365, t < 40mm (Ref /1/): £, := 355MPa £, = 510MPa
Welding material 355 fiwe 355 = 355MPa fw 335 = 490MPa
Poisson's ratio in elastic stage: v:= 030
— 785022
Density steel: Pa: = 7830 BE)
m
- N
Elasticity modulus E := 210000
I:III.T:I:I.2
Shear modulus G= _E__ so?dgzs-l
2(1+v) 2
mim
Cross-section resistance factor: Appp = 113 (ref. to /1/)
Resistance factor of members to instability: App = 113 (ref. to /1/)
Resistance factor of cross-section in tension to fracture: AN = 1.25 (ref. to /1))
Weld correlation factor steel: By= 09 (ref. to /2/)
Load factor: ~go= 130 (ref. to /3/)
Structural checks.xmed 13.06.2018
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Project: Master Thesis 2018 Muiti-handling mechanism Page: 2 of 11
Client: UiS Originator: Eirinaios Chatzillari
Checker:

The concrete handling mechanism consists of: one panel plate (2.55m x 0.40 m) with 6 bores, 6 circular
end-flanges, 6 stems welded on the end-flanges, one plate with 6 bores for attachment of 6 ROV buckets and 6
RPV buckets. The supporting frame beam is not within the scope of the present analysis.

The ROV buckets, the stems and the circular plates are excepted from the structural checks as the first two are
standardized according to /6/, and the latter just holds the upper pipe from falling and no axial forces exist.

1)Panel p/ate and POM cross section resistance

Inside the bores of the panel acting as support ground for the upper pipe, a plastic material (PO6) with very low
friction is inserted. Which is subjected to the vertical loads due to mattress selfweight take from Staad.Pro,

Structural checks.xmed 13.06.2018
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Checker:
Loads acting on POM face:
Axial: Nggq = 0N
Shear-Y: VEday = 130.3LN
Shear-Z: Vggz = 0N
Mom-Y: Mgy, = 0kNm
Mom-Z: Mgy ; = 0kNm
Geometry of the panel plate:

The total length of the panel plate is 2.55 m and the height is 0.40 m. It contains six bores, where the upper pipes
are located, acting as pin foundation for them. Only one piece of the plate is examined, as is assumed that they
are far enough to affect each other. The considered area is the following (dimensions in mm).

Calculation of contact stresses with reference to /7/:

Upper pipe
Maodulus of elasticity: E;=E
Poisson ratio: =
Radius Ry = 219.1mm

Structural checks xmed

POM cylindrical surface

_ 2300MPa + 2300MPa =235% lﬂs-rs-[Pa(Referencef&')

E;:

2
vy = 033
Ry=R;

13.06.2018
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Checker:
Assume a thickness for the section of the plastic material.
Thickness of POM: tpgs = 30mm
Yield strength: £, pgs = 67MPa (Reference /5/)
Factors for determining the equivalent stress according to
17
Ve 1IN
Load per unit length: W= S 434 I(Zl"-E
tpos m
{ 2 2 92
1-w 1-w _ .2
A= L Ry =763x 10 TS
L B E; kg
2 Vgg )
pe [2VE) A0
tpos
Maximum octahedral shear stress (equivalent stress). 7, . = 027-— = 5138 MPa
- . . X ag.max
Utilization ratio due to contact stresses: URqut pont = =088 S OK
o

Resistance in compression

Diameter of upper pipe:

Circumference of upper pipe

Spige = 2-M

Ref. [1:Clause 6.2.4/

ODyipe = 219.1mm

oD,
% = 688.32-mm

Assume an arch of load distribution of 90 degreses.

S N
S = —— = 172.08-mm

Auy = Sucstpog = 3.16 % 10 -mm-

The design value of the compression force Nz at each cross-section shall satisfy:

0.50A 40 £ pos

"0

N papos=

Structural checks xmed

=15038-kN

N
Ed(l

Nc.R.d

(Conservative)

13.06.2018
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Checker:

Nggpos = VEay = 1303KN

N,
Utilization ratio due to comprassion: UR o = 2R 087 —> 0K

Nerapos

The steel panel plate has higher strength and therefore is waived from
the check.

2(Bolting structural integrity

The side view of the mechanism is depicted in the following figure. Each bucket is mounted with 4 bolds to the
plate.

< ROV bucket plate

i * ROV

bucket
-+
Stem
1
b4
Upper
pipe
L
Frame
beam

Structural checks xmed 13.06.2013
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6 of 11

Eirinaios Chatzillari

+ 1570 Nom (1 158 1bf) ;.

= 3 800 N-m (854 bf)

+ 6080 N'm (4 484 b F

y | 980 Nm 220 b9

Thickness of the ROV bucket plate for bolting:

Diameter of ROV bucket:

e

|
-

! 20t
Distances:
e; = 30mm
e; = 50mm
p; = 240mm
Py = 200mm

)

Bbm-_mp] = 300mm

Htmdm.pl = 300mm

Loads acting on the interface /6/:

Axial:
Shear-Y:

Shear-X:

Structural checks.xmed

Neg i = 3.06kN
mem = 0.98KN

dex.im = 3.8kN

- '

tROVrec = 15mm
ODROV.b = 250mm

sl

+ | = 5060 Nm (1137 Y

P, —

€4

| 1
~=
-_'L?-_.?

13.06.2018

PagelE.6



Universitetet

[ 1) i Stavanger subses 7

Project: Master Thesis 2018 Multi-handling mechanism Page: 7 of 11
Client: UiS Originator: Eirinaios Chatzillari
Checker:
Mom-Y: Mgy jn: = 6.08Nm
Mom-X: Mgy z it = 1.576Nm
Shear stress caused by torsion moment To: Tgq = 10.87kNm
Torsion accounting the load factor: Mgq zime = g Tgg = 14.13-kNm

It is considered that the loads act simultaneously on the interface. The My moment creates a tensile force on
the bolts (a) and (c), while the Mx moment creates a tensile force on the (a) and (b) bolts. Therefore, bolt (a) is
the critical component, as subjected to 2 tensile forces. In addition, the tangential shear force and the tensile
axial force will be accounted in the calculations.

Choose a M20 8.5 class bolt size:

Bolt ¢ lass 46 48 5.6 58 6.8 8.8 10.9
fio (N/mum®) 240 20 300 400 480 640 00
fr (N/mm?) 200 200 500 500 600 800 1000

The category of the connection is: Category C

c) Category C: Slip-resistant at ultimate limit state

In this category preloaded bolts in accordance with 3.1.2(1) should be used. Slip should not occur at
the ultimate limit state. The design ultimate shear load should not exceed the design slip resistance,
obtained from 3.9, nor the design bearing resistance, obtained from 3.6 and 3.7. In addition for a
connection in tension, the design plastic resistance of the net cross-section at bolt holes Ny pa, (se€ 6.2
of EN 1993-1-1), should be checked, at the ultimate limit state.

Diameter of bolt: odygy = 20mm

Hole diameter for one bolt: odygy o = Odygy + 2tam =22 mm

Resistant area of one bolt: A= 2,4-51:1:::12

Mumber of bolts each side: gy = 4

Total resistance area for 4 bolts: A =4A, = gsll-mm2

Capacity of bolt: £ or = S00MPa

Check if distances satisfy the requirements of /2/:

e; = 30mm e1z12o0dyp =1 —= 0K (1 stands for true and 0 for false)

Structural checks xmecd 12.06.2018
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2, = 30 mm g1z 120dggp=1 —> 0K
pp = 240 mm p1 < min[ 28ty e, 400mm) =1 —> OK
P = 200mm Pz < min( 14-tgoy o, 200mm) =1 —> OK

Partial safety factors for joints /2/:

s = 1.23
My = 1.10
Other parameters: p N
fibar 21
a, = min| —— 1]=045
L £ 3ot
Bearing resistance factors: Ie ) 5
ky = min| 2.8 -17,25[=25
| 9wk y

Tension resistance factor: k=109

p=03
Slip resistance factors:

P k=1

n=1
Resistance of bolt (a):
Shear resistance: Fipa™= 0_6-@ = 04.08-kN

“haz
Tension resistance: Fipa = kz'ﬂ = 141.124N
a2
Loads acting on the bolts:
Tangential action from ROV intervention loads: Frgal = o VEayin + VEdxme = 3.92:kN
) Meg 2 ime -

Shear force due to Mz moment: Fepgp = ———— = 113.05-kN

ODgov s

Structural checks xmed 13.08.2018
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Checker:
ME4 yint R
Tensile force due to My: Fiy= —w =2643-IN
ODpgyp — 2-
MEg x it -
Tensile force due to Mx: Fix= —de: =6.83-kN
ODggyy - 2-

Tensile force due to axial force;

Total tensile force on bolt (a):

Total shear force on bolt (a):

Utilization ratio due to tension:

Utilization ratio due to shear:

Combined shear and tension:

Resistance of the connection:

Bolt preload:

Slip resistance:

Bearing resistance:

Structural checks.xmcd

Fyp= Npgm = 3.06-kN

Fir+ Fix  Fiz
—_— —

Fipaa= — =17.94kN
Frral + Fuga
Frggsi= + = 20241
F,
= 2 o3
Fipa
FrEda
g= ——= =031
vRd
F, F.
tHda | CEEdR g4 <1 = 0K

14Fips  Fima

0.8-F,gg, = 14.32kN

Fp_Cd = 0-:"'£n.buh'ﬂﬂs =137.2EN
knp \

Fipa= (Fpca — 08Figg,) = 29.48N
s
(ke)-ay-£, oy 10mm-ody gy,

Fopa= - = ). 1454514

T2

13.06.2018
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Checker:
. . . . Fl'_Ed,a
Utilization ratio due to slip: UR, i = =099 <1 — 0K

Foga + Fera

Utilization ratio of bearing: UR, pearing = = =10.8
earing Fora <1 —= 0K
Control check of the bolting plate of the ROV bucket acceording to /1/:
rODmx'.b\z 42
Apgcker p1 = Ehmdnetpl'H&md;rm:l—“if'lLk | =4.09x 10 mm
4
4 2
Anet = Apyckerpl ~ Bnok 0ol ¢ tROVIec = 396 % 10 mm
0850 Agey
Nastpd = 2 — 145 107N
iz
Figar + Fygaz
Utilization ratio of bolting UR= =27 T2 _ 0008
- N. <1 —= 0K
plate: nat Bl
3) Weld check of the stem
Shear stress caused by torsion moment To: T, = 10.87kNm
Torsion accounting the load factor: Tgao = g o = 14.13-1Nm

Square stem with height and width equal to 88.90 mm.

H,, = 88.90mm
By=H,
Assume a weld throat thickness: &= Jmm

Weld contour: D A=a2(H+B)

— . .f y - 3 2
Full weld length: Ag= 22 {He+ By) = 178 107 mm

Structural checks.xmed

13.06. 2015
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Checker:
‘ 3
H; + B, y
Paolar moment of inertia: Iy= a-M =468 10°mm’
X - component of stress
(Hy)
TEd.o'T
Tyr = ———— =134.1-MPa
st
Y - component of stress
BET
TEd.o'?
Tyr = ———— = 134.1.-MPa
) st
Total shear stress: Tinew = f-rﬂ-‘ + Ty = 188.65-MPa
Utilization of weld due to shear: URyy cpear = T 0.54 SOK
{flm'_355' ﬁw) -
2

Structural checks xmed

13.06.2018
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Stress Analysis Report

@\ AUTODESK

Analyzed File: 'ROV plate.int

Autodesk Inventor Version: 2015 {Build 190159000, 159)
Creation Date: |5/6/2018, 15:15 '
Simulation Author: EirinaiosChatz

Summary: |Docking stress analysis

2 Project Info (iProperties)
H Summary

m Project

m Status

& Physical

g Simulation:1
General objective and settings:

| Design Objective | Single Paint

. Simulation Type | Static Analysis
Last Modification Date 5/6/2018, 15:11

| Detect and Eliminate Rigid Body Modes Mo

Mesh settings:

r'.ﬂwg. Element Size (fraction of model diameter) (0.1

| Min. Element Size {fraction of avg. size) 0.2
Grading Factor 1.5
IMax. Tum Angle &0 deg

| Create Curved Mesh Elements Yes |

= Material(s)
= Operating conditions

= Moment:1

|Load Type|Moment

Magnitude | 6030,000 N mm
[Vector® |0.000Nmm |
\Vector Y |0.000 Nmm |
Vector Z |6080.000 N mm

| Selected Face(s) tle,

E Moment:2 M, | 21870 Nem 1 13800 F, | t3m00mm B84 bh
Load Type Moment My | 000 Nem Al | F, | 2860 Nem (0
[Magnitude| 1570.000 N mm| M, F. | 15080 Km (1 137 B

[Vector X 10.000 N mm

| i | Figura & — Docking recegtacks loading
Vector Y |1570.000 N mm

PagelE12
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5/6/2018 Strags Analyels Report

|".I'Edur2 ‘{I.[ICIII]I M mm |

@ Selected Face(s)

e Force:1

Load Type|Force
Magnitude | 5060 N
Vector X |5060 M
Vector ¥ |0.000 M
Vector 2 | 0.000 N

H Selected Face(s)

= Force:2

Load Type Force
Magnitude | 3300.000 N
Vector X |0.000 N
Vector Y | 3800.000 N
Vector Z ‘[I.[Il:lﬂ N

M Selected Face(s)

= Force:3

Load T',rpE: Farce
Magnitude 980,000 N
Vector ® 0,000 N
Vector ¥ 0,000 N
Vector Z |-980.000 N

El Selected Face(s)

PagelE13
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Strass Analyels Regort

E Fixed Constraint:1

| Constraint Type | Fixed Constraint |

m Selected Face(s)

2 Results

E Reaction Force and Moment on Constraints

¥ Displacement

-0.0000197689 mm

0.000320233 mm

¥ Displacemant

0 mim

0.000%26966 mm

7 Displacemeant
Equivalent Strain

-0.000158736 mm
0.000000000796271 ul

0.000221288 mm
0.00000233415 ul

1st Principal Strain

0.000000000599489 ul

0.00000208555 ul

3rd Principal Strain

-0.00000256538 ul

-0.000000000739254 ul |

Strain XX -0.000000608312 ul | 0.000000723444 ul
Strain XY -0.000000132574 ul  |0.000000192497 ul
Strain XZ -0,000000274539 ul | 0.000000301271 ul
Strain Y'Y -0.0000023755 ul 0.00000104454 ul

Constraint Name Reaction Force Reaction Moment
Magnitude | Component (X, Y,7) Magnitude | Component (3,Y,7)

=500 N -215.748 N m

Fixed Constraint:1 |3924.34 N |-3300 M 216,055 N m [-2.62693 N m
030 N -11.2207 N m

E Result Summary

Name Minimum | Maximum

Volume 46091300 mm-"3

[Mass 368.73 ko

Von Mises Stress | 0.00017726 MPa 0.512313 MPa

1st Principal Stress |-0.023343 MPa 0.486224 MPa

3rd Principal Stress|-0.474811 MPa 0.125694 MPa

Displacement 0 mm 0.000984397 mm

Safety Factor 15 ul 15 ul

Stress XX -0.0732697 MPa 0.183837 MPa

Stress XY -0,0196821 MPa 0.0285784 MPa

Stress XZ -0.0407585 MPa 0.0447272 MPa

Stress ¥y -0.458757 MPa 0.220002 MPa

Stress ¥Z -0,113212 MPa 0.255939 MPa

Stress Z7 -0,347717 MPa 0.478032 MPa
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5/5/201¢8 Strags Analyeis Report
|Strain YZ -0.000000762566 ul |0.00000172394 ul |
StrainZz  |-0.00000179957 ul _ |0.00000205721ul |

= Figures

E Von Mises Stress
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